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ABSTRACT 
Three single mutations, Lysl08->Arg, Lysl08->Met and Tyr312->-Trp, and one 
insertional mutation, 311-314 Loop, in Aspergillus ccwamori glucoamylase were constructed 
and tested along with four previously constructed thermostable mutations: Asn20-»Cys/ 
Ala27—^Cys (SS), Ser30—>Pro, Glyl37—>Ala, and Ser436—>PTO, and one previously made 
thermosensitive mutation, Ala27->Pro, for their selectivity by high-concentration glucose 
condensation and maltodextrin hydrolysis reactions. LyslOS is important in substrate binding 
during maltooligosaccharide hydrolysis. Both SS and 311-314 Loop mutant GAs 
successfully decrease isomaltose formation rate and thus increase peak glucose yield. 
Tyr3 IZ- '^Trp GA helps to fonn a tighter hydrogen bond network between Tyr48, Tyr311 and 
Glu400, and therefore increases peak glucose yield up to 2% at SS^C. 
The following multiple mutations were made to improve selectivity, thermostability, and 
specific activity according to the principle of cumulative mutational effects of proteins: 
SS/311-314 Loop, SS/Ser411—>Ala, Ser30—>Pro/311-314 Loop, Ser30—>Pro/Ser4ll^Ala, 
Gly 137^Ala/311-314 Loop, Gly 137^AIa/Ser41 l-^-Ala, 311-314 Loop/Ser411-^Ala, 
Ser30->Pro/Glyl37—>Ala/311-314 Loop, and Ser30->>Pro/Glyl37->Ala/Ser41 l->Ala. Some 
previously constructed multiple thermostable mutations, SS/Ser30->'Pro, SS/Glyl37->Ala, 
SS/Ser436—>Pro, Ser30->Pro/Glyl37->Ala, and Glyl37^Ala/Ser436—J'Pro, were also 
tested for their selectivity. Only SS/Ser436-»Pro and Glyl37->Ala/Ser436—>Pro GAs have 
generally lower peak glucose yields than does wild-type GA, while SS/Ser41 l->-Ala GA has 
the lowest initial rates of glucose and isomaltose formation from 30% (w/v) maltodextrin 
hydrolysis and 30% (w/v) glucose condensation reactions, respectively, among all double 
ix 
mutations. 311-314 Loop/Ser411—>AIa GA is the most themosensitive mutated GA with the 
lowest specific activity. Both Ser30-»Pro/GIyl37->Ala/311-314 Loop and Ser30->Pro/ 
Glyl37—>AIa/Ser41 l-»AIa GAs are the best mutant GAs so far regarding to their 
thermostability and selectivity. 
In general, there is an inverse linear correlation between the peak glucose yield and the 
initial rate ratio of isomaltose fonnation over glucose formation- The peak glucose yield is 
slightly higher for DE 25 maltodextrin than for DE 10 or DE 18 maltodextrins. Peak glucose 
yields decrease with increasing temperatures. Temperature plays a very important in 
determining GA selectivity. There is no strong correlation between substrate selectivity and 
thermostabihty of GA 
1 
GENERAL INTRODUCTION 
Glucoamylases (a-(l,4)-D-glucan glucohydrolase, EC 3.2.1.3, GA) expressed and puri­
fied from varioiis microbial organisms, such as bacteria, yeast, and fiingi (Takahashi et al., 
1981; Nimberg et al., 1984; De Mot et al., 1985; De Mot and Verachtert, 1987; Kleinman et 
al., 1988; Dowhanick er a/., 1990; Shibuya er a/., 1990; Vainio etal., 1993; Fagerstrom, 
1994; el-Abyad et al, 1994; Luo et al., 1994; Tang et al., 1994; James et al., 1997), differ 
primarily in molecular weight, amino acid sequence, extent of glycosylation, and the ability 
to adsorb to and digest starch granules (Manjunath et al, 1983; Saha and Zeikus, 1989). GA 
has been also successflilly purified firom some solid cultures and has optimal activity at 60°C 
and pH 4.4 (Selvakumar et al, 1996). 
GA has been not only applied to some oriental food and beverage preparations 
(Sakaguchi et al, 1992), but is also heavily used ia ethanol production and starch processing 
(Saha and Zeikus, 1989; Nikolov and Reilly, 1991; Schenck and Hebeda, 1992). The glucose 
jdeld in starch processing is limited to about 96% of theoretical (Nikolov and Reilly, 1991; 
Teague and Brumm, 1992) because GA can not only hydrolyze and reform the a-1,4-
glucosidic linkage, but can also hydrolyze and reform a-1,6-, a-1,3-, a-1,2- and a,p-l,l-
glucosidic linkages with much slower reaction rates. The condensation reactions to form 
bonds other than a-l,4-giucosidic linkages are known as reversion reactions, and take place 
at the same catalytic site; le. there is only one catalytic site in GA (Pazur and Kleppe, 1962; 
Hiromi et al., 1966; Meagher et al, 1989; Sierks et al, 1989) as the law of microscopic 
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reversibility mandates (Pazur and Okada, 1967; Hehre et aL, 1969; Watanabe et al., 1969a,b; 
Pazurefa/., 1977). 
Mutational analysis, along with thermodynamic, enzyme kinetic. X-ray crystallographic, 
and NMR studies, have become valuable approaches to understanding the substrate binding 
and catalytic mechanisms in many carbohydrases (Sinnott, 1990; Svensson and Segaard, 
1993; Svensson, 1994; Svensson et al.. 1995). Since the structure of Aspergillus awamori 
var. XI00 GA was obtained by X-ray crystallography (Aleshin et cd., 1992), a better 
understanding of its structural and functional relationships and of its protein family has been 
achieved (Coutinho and Reilly, 1994a,b, 1997; Henrissat et al, 1994). This also helps the 
design of some thermostable (Chen et al., 1994a,b, 1995, 1996; Li et al., 1997; Li and Ford, 
1998; Allen et al., 1998), selectivity (Fierobe et al., 1996; Fang et al., 1998a,b; Liu et al., 
1998a,b,c), and optimal pH (Fang and Ford, 1998) mutations. 
The following literature review consists of four parts to provide a background to this 
work and the progress made so far: 1) the first part provides the background of Aspergillus 
GA, including its various forms, industrial uses, structural and biochemical properties, and 
protein engineering; 2) the second part introduces the catalytic properties of GA; 3) the third 
part covers enzyme kinetics; and 4) the fourth part describes the selectivity and thermostab­
ility of GA. 
3 
Literature review 
Aspergillus awamori and Aspergillus niger glucoamylases 
Variant forms ofglucoamylase 
Extracellular isolates of many molds and yeasts often contain several variants of gluco­
amylase, differing primarily in molecular weight and the capacity to adsorb to starch granules 
(Saha and Zeikus, 1989). GAs produced from the specific strains of black Aspergillus have 
two to three dominant forms. GA I and GA IT fi"om Aspergillus niger differ in electrophoretic 
mobility, thermostability, and substrate specificity (Bartoszewicz, 1986). The purification 
and properties of these two forms have been studied, showing that GA I is approximately six 
to thirteen times more active towards raw starches than GA H (Amirul et al., 1996). All of 
these various forms are encoded by one gene and then modified by post-translational limited 
proteolysis (Boel et al., 1984; Nxmburg et al., 1984; Hayashida et al., 1989). The parent GA 
protein, GA I and n from A. awamori and A. niger, is encoded from different gene sequences, 
but has the same N-terminal signal peptide along with a parent protein of 615 or 616 amino 
acid residues (Svensson et al., 1983; Nimburg et al., 1984). After cleavage of the signal 
peptide and post-translational glycosylation, the resulting protein (GA I) appears in 
extracellular media. 
GA I undergoes proteolysis naturally to form the other major form, GA n, which loses 
the full C-terminal starch-binding domain. GA 11, a mixture of polypeptides of 512 and 514 
amino acid residues, hydrolyzes soluble starch with the same activity as GA I, but cannot 
adsorb to and digest raw starch (Svensson et al., 1986a). Thermal unfolding of GA I and GA 
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n from A. niger was studied by adiabatic differential scamiing calorimetry (DSC) at pH 7.0, 
showing that the thermal unfolding of the starch-binding domain is reversible, but that of the 
catalytic domain is irreversible (Tanaka et al., 1995). In addition, GAI from A. niger, when 
cleaved by subtilisin, liberates a catalytically active fragment comprising the first 470 
residues of the parent protein (Stoffer et al., 1993) and a starch-binding firagment of 146 
residues (Belshaw and Williamson, 1990,1991), as well as several minor products. Similarly, 
Hayashida (1975), working with the fimgus A. awamori var. kawachi, found a shortened 
form of GA I, named arbitrarily GA F, which consists of the first 469 residues of the parent 
protein (Hayashida et al., 1989a,b). Crystallographic studies have focused on proteolytic 
fragments of approximately 470 residues, formed by the natural action of proteases, secreted 
fiomAspergilli, or by in vitro action of subtilisin. 
Conmiercially available GAs are mostly produced Aspergillus and Rhizopus. Acar-
bose affinity chromatography provides a general method for the rapid and efficient 
purification of GA and is ideally stiited for scale-up for commercial purifications (Ono and 
Smith, 1986). GAs ftom Aspergillus families are more thermostable, with optimal activities 
near pH 4.4 at temperatures between 50 and 60°C, but they are rapidly inactivated at 
temperatures higher than 60°C (Manjunath et al., 1983; Saha and Zeikus, 1989). 
Glycosylation of glucoamylase 
Fungal and yeast GAs are glycoproteins, with carbohydrate contents ranging from 3 to 
30% (Manjunath et al., 1983; Saha and Zeikus, 1989). Most of these glycosylated sites from 
Aspergillus and Rhizopus GAs are serine and threonine residues, which are (^-glycosylated 
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with mono-, di-, or trisaccharides after post-translation modification (Pazur et al., 1990). N-
glycosylation occurs in two distinct sites in A. niger GA (Svensson et al., 1983) and is also 
found in GAs from other fungi (Takegawa et al., 1988), yeast (Modena et al., 1986), and A. 
awamori var. XI00 (Aleshin et al., 1992). 0-glycosylation protects the enzyme from proteol­
ysis, thermal denaturation (Takegawa et al., 1988), aggregation (Wang et al., 1996), and may 
also affect transport of the enzyme to the extracellular environment (Yamashita, 1989). 
Structure and functional domains of glucoamylase 
Y\3i\.Asn.^ Aspergillus GA I consists of three functional domains: 1) a globular N-
terminal catalytic domain from residue 1 to 470 with a highly O-glycosylated belt from 
residue 440 to 470 to stabilize its conformation; 2) a linear and extended linker domain from 
residue 471 to 508 containing 28 (^-glycosylated Ser and Thr sites; and 3) a globular C-
terminal starch-binding domain from residue 509 to 616. 
Figxire 1 shows the schematic structure of A. niger GA, in which the diameter of the catal-
>tic domain is about 60 A (Aleshin et al., 1992, 1994a). These data agree with scanning tun­
neling microscopy results (Kramer et al., 1993). There are five conserved regions, designated 
SI to S5 (residues 35-39, 104-134, 162-196, 300-320, and 396-425), around the active site in 
the catalytic domain (Tanaka et al., 1986; Itoh et al., 1987; Coutinho and Reilly, 1994a,b). In 
addition to the (9-glycosylated belt around the catalytic domain, two ^-glycosylated sites are 
located at Asnl71 and Asn395 (Svensson et al., 1983; Aleshin et al., 1992) with P-Cl-linked 
iV-acetyl-D-glucosamine residues integrated in five- and eight-residue carbohydrate chains, 
respectively (Aleshin et al., 1994a). The mutation Asn395->Gin dramatically decreases 








Figure 1. The possible structure of glucoamylase from /I. niger. The catalytic domain used was from Igly, the linker was 
built from repetitions of the 0-glycosylated belt around Igly, and the starch-binding domain was domain E of Icgt. 
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secretion as well as thermostability while not changing specific activity (Chen et al., 1994b), 
meaning that this iV-glycosylation site plays an ver>' important role in helping GA expression 
and preventing it from unfolding. On the other hand, Asnl71->Ser mutant GA has very 
similar catalytic efficiencies for the hydrolysis of isomaltose and maltooligosaccharides as 
wild-type A. niger GA (Stoffer et al., 1997). 
No clear sequence similarity among the catalytic domains of GAs and other starch-hydro-
lyzing enzymes is apparent (Svensson, 1991), although limited similarity may exist among 
specific elements of the active sites of GAs, a-amylases, and cyclodextrin 
glucanosyltransferases. Residues in the GA catalytic pocket generally are highly conserved. 
The three-dimensional structure of the catalytic domain from^. awamori var. XI00 GA has 
been solved by X-ray crystallography in its native state at different pH values and in 
complexes with different inhibitors (Aleshin etal., 1992, 1994a,b, 1996; Harris et al., 1993; 
Stoffer et al., 1995) (Figure 2). 
There are thirteen a-helices (51% of the residues in the entire polypeptide) with limited 
regions of antiparallel P-strands in the vicinity of the active site (Aleshin et al., 1992). 
Twelve of these a-helices fold into an a/a barrel, with the core of the barrel defining a 
pocket containing the general catalytic acid, Glul79 (Sierks et al., 1990; Svensson et al., 
1990), and the catalytic base, Glu400 (Aleshin et al., 1992, 1994b; Harris et al., 1993). Thus 
the catalytic domain of GA is not a trivial variant of the o/p-barrel, observed in a- and P-
amylases (Matsuura et al., 1984; Buisson et al., 1987; Boel et al., 1990; Mikami et al., 1992, 
1993), cyclodextrin glucanosyltransferases (Hofinann et al., 1989; Kubota et al., 1990; Klein 
and Schulz, 1991), cellobiohydrolases (Rouvinen et al., 1990), and predicted for a large 
N-lcrin 
E400 
Figure 2. Ribbon presentation of the catalytic domain from A. awamori var. XIOO GA (Aleshin ct al., 1992) prepared by 
MOLSCRIPT (Kraulis, 1991). The catalytic residues are indicated using one-letter amino acid abbreviations. 
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numbers of other amylolytic enzymes of varying specificities (Jespersen et al., 1991, 1993). 
The ct/a-barrel has been observed, however, in cellulase D from Clostridiian thermocellum 
(Juy et al., 1992). The helical content of GA is relatively constant from 25-50°C and then 
sharply decreases by a factor of more than three by 60°C, as determined by vibrational and 
electronic circular dichroisms (Urbanova er at/., 1993). 
A water molecule, wtSOO, presumably the catalytic water required for general acid-base 
catalysis, is also found in the first subsite of the model with each complex (Aleshin et al., 
1994a). The automated docking of different substrates in the GA active site has given us 
some insight into substrate binding, even though the results differ slightly from X-ray 
crystallographic data (Coutinho et al., I997a,b). 'H-NMR spectra have also been recorded for 
both GA I and GA 11 from A. awamori var. XI00 and A. niger, serving as a powerful tool to 
study the solution structure-ftmction relationship of GA (Firsov et al., 1994). 
There are three pairs of disulfide linkages in the catalytic domain, between residues 210 
and 213 (connecting the N-terminal and the middle of helix 7), 262 and 270 (within an 
antiparallel P-strand), and 222 and 449 (associating the O-glycosyiated belt with this domain) 
(Aleshin et al., 1992). The catalytic domain of GA from A. awamori has been successfiilly 
expressed in Pichiapastoris and purified to a level of 0.4 g/L medium (Heimo et al., 1997), 
while that from^. niger has also been produced in vitro in high yield by limited proteolysis 
using either subtilisin Novo or subtilisin Carlsberg (Stoffer et al., 1993). 
The heavily (9-glycosylated linker motif is found among a diverse range of proteins. A 
suggested common fimction is to extend and rigidify the peptide backbone (Jentoft, 1990). 
10 
The large number of short 0-glycosyIated Ser and Thr residues presented in A. niger GA is 
characterized as containing Man(a-l-0)-liiiked residues (Gunnarsson et al., 1984), and has 
no significant differences in the contents of single mannose and oligosaccharide units for GA 
I and GA n (Svensson et al., 1986a). These O-glycosidic bonds can be cleaved by a-
mannosidase and a-galactosidase (IbatuUin et al., 1993a,b: Neustroev et al., 1993a). 
Although there are fairly strong amino acid sequence similarities in both the catalytic and 
starch-binding domains among GAs from different fungal species, there is sometimes little 
similarity in the (9-glycosyIated linker region (Coutinho and ReiUy, 1994a, b). 
The fimction and structure of the O-glycosylated linker in awamorilA. niger GAs are 
still not well understood. Since deglycosylation of GA leads to instability, Shenoy et al. 
(1984) postulated that this region is important for thermostabihty. Yamashita (1989) 
suggested that it facilitates secretion. Hayashida et al. (1989a,b,c) proposed that part of the 
0-glycosyIated region is involved in starch binding. Goto et al. (1995) suggested that the 
efficient digestion of raw starch requires the mannoside chains O-linked to the linker domain 
through the interaction v/ith water. Williamson et al. (1992a) isolated proteolytic fragments 
of GA containing the entire starch-binding domain with increasing amoxmts of linker domain 
and showed that the linker domain was not required for function of the starch-binding 
domain. Later on, they found that the linker stabilizes the starch-binding domain but not the 
catalytic domain against imfolding (Williamson et al., 1992b). 
Chen et al. (1991a,b) found that the highest degree of starch binding and proteolytic stab­
ility occurs when the starch-binding domain plus the last eleven linker residues are attached 
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to P-gaiactosidase by the fusion protein technique. Evans et al. (1990) used genetic 
engineering to delete some residues of the linker and suggested that up to thirty residues of 
the 0-gIycosyIated region at the C-terminus of GA11 have litde effect on enzyme activity or 
thermostability. Circular dichroism studies of peptide fragments of different lengths from^. 
niger GA containing the starch-binding domain and all (residues 471-616) or part (residues 
499-616) of the linker suggested that the linker region has a random coil structure 
(Williamson et al., 1992a,b). Deletion studies in^. awaromi GA revealed that the fragments 
466-483 and 485-512 of the linker significantly contribute to enzyme secretion and 
conformational stability, respectively, when produced in Saccharomyces cerevisiae without 
affecting enzyme activity (Libby et al., 1994). Tanaka (1996) found no interaction between 
the catalytic and the starch-binding domains by steady-state kinetic and calorimetric studies; 
this could be due to the separation of these two domains by the linker domain. 
Jentoft (1990) suggested that the 0-glycosylated linker region should resemble a semi-
flexible rod with a length of 0.25 nm per residue. The extended structure of the linker domain 
would lead to its being 10 nm in length (Figure 1). Recent scanning tunneling microscopy of 
A. niger GA indicates an interdomain distance in the order of 9.5 nm (Kramer et al., 1993). 
This result strongly confirms the suggested domain division (Coutinho and Reilly, 1994b). 
Even though the linker domain appears to be extended, the two glycine repeats in the C-
terminal half of this domain may confer some conformational flexibility or represent reverse 
turns in the folding of the polypeptide chain. 
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The presence of the sugar residues in the linker domain, which prevent it from forming 
large protein crystals suitable for X-ray analysis because of their microheterogeneity or 
mobility, is a major problem in crystallization of the whole enzyme. Although GA is a well 
described glycoprotein for its activity and thermostability, the fimction and structure of the 
linker domain is still obscure. It would be of great interest to try to solve its structure and 
fimction either by a simple model building approach (Joshi et al., 1997a,b), or more 
effectively by NMR analysis. 
From the above studies, we can conclude the contribution of glycosylation in GA as: 1) 
the heavily 0-glycosylated linker domain serves as semi-rigid rod, which separates the 
catalytic and starch-binding domains so these two domains can work separately without any 
unfavorable contact; 2) N- and O-glycosylation stabilizes mature GA against denaturation; 
and 3) glycosylation helps the folding of the nascent GA polypeptide in vivo, and protects it 
from aggregation in the unfolded state both in vivo and in vitro. 
The starch-binding domain allows this enzyme to adsorb to and digest raw starch (Svens-
sonetaL, 1982; Belshawand Williamson, 1990, 1991; Dalmia and Nikolov, 1991; Fukudaer 
al., 1992; Williamson et al., 1992a) and some other substrates (Savel'ev et al., 1989, 1990; 
Fukuda et al., 1992; Neustroev et al., 1993; Apparu et al., 1995). It seems to interact more 
strongly with starch-related substrates containing a-(l,6)-link2^es (Cottaz et al., 1992; Sigur-
slqold et al., 1994; Apparu et al., 1995). The complete free starch-binding domain was 
secreted by introducing a short sequence encoding an endoproteolytic cleavage recognition 
site into the GA gene and compared to the one obtained from the proteotytic digestion of ftiU-
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length GA; the former form was more glycosylated and bound less strongly to the ligand (Le 
Gal-Coeffet et al., 1995). The starch-binding domain was also successfiilly expressed in £1 
coli by the fiision protein technique (Kusnadi et al., 1993). 
The solution structure of the starch-binding domain from A. niger GA has been solved by 
nuclear magnetic resonance spectroscopy (Jacks et al., 1995; Sorimachi et al., 1996), giving a 
well defined P-sheet structure consisting of one parallel and six antiparallel pairs of P-strands 
(Sorimachi et al., 1996). There are two binding sites in this domain, with each site located at 
one end of this globular domain on opposite sides (Sorimachi et al., 1996). These two sites 
appear to act identically and independently in the isolated binding domain without 
undergoing large conformational changes upon Ugand binding. They interact with each other 
in a negatively cooperative fashion when the catalytic domain is present (Sigurskjold et al., 
1994). The starch-binding domain is thought to have one disulfide linkage between residues 
509 and 604, which connects the N- and C-termini of this domain (Coutinho and Reilly, 
1994b). 
The starch-binding domain from^. awamori shows affinity for both a-(l,4) and a-(l,6) 
fungal cell wall glucan upon secretion, and its substrate-binding site is assumed to be 
responsible for adsorption (Neustrov et al., 1993). The amino acid sequence in this domain is 
highly homologous to that of the cyclodextrin glucosyltransferase (CGTase) starch-binding 
domain (Svensson et al., 1989). Both of them are globular, with p-strands as the main 
feature. The binding mechanism of this domain to starch granules is proposed to involve the 
formation of an inclusion complex between the hydrophobic residues of the starch-binding 
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domain and the starch granule (Goto et al., 1994). Deletions at either the N- or C-terminus of 
the starch-binding domain severely affect both starch-binding activity and the hydrolysis of 
raw starch. Hayashida and coworkers (1989c) also attributed at least some of the binding 
interaction of GAI with raw starch to the linker domain. 
Glucoamylase applications in industry 
Starch processing in industry involves several steps. First starch is liquefied by a-amy-
lases from Bacillus amyloliquefaciens or Bacillus licheniformis (Nikolov and Reilly, 1991; 
league and Brumm, 1992). The amylose chains are cleaved by 5 min of jet cooking at tem­
peratures around 105°C, followed by 1 to 2 h of dextrinization at 90°C and pH 5.5-7.0. The 
liquified starch solution of 30-35% (w/w) of degree of polymerization (DP) 10 to 15 is 
cooled down to 58-62°C and adjusted to pH 4.2-5.0, with saccharification occuring in stirred 
reactors for 48 to 72 h after adding GA. The glucose yield can reach 95-96% after this step 
(Nikolov and Reilly, 1991; Teague and Brumm, 1992). Finally, the high-glucose syrup is 
converted to approximately 42% high-fructose com syrup (Kennedy et al., 1988; Teague and 
Brumm, 1992; Hanover, 1992) by glucose isomerase at 55-60°C, pH 7-8 (Teague and 
Brumm, 1992) or processed into crystalline dextrose (Nikolov and Reilly, 1991). 
Protein engineering to make a GA with the same thermostability and pH stability as a-
amylase could be a way to improve starch processing (Kennedy et al., 1988). The advantages 
of using higher optimal pE^s are in decreasing the amoumt of salts resulting from pH 
correction between each step and in preventing reversion reactions by maintaining low 
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glucose concentrations, with the immediate conversion of glucose into finictose in one step 
(Bakir era/., 1993). 
GA is also applied in ethanol production (Nikolov and Reilly, 1991; Sakz^chi et al.^ 
1992). Some newly characterized GA genes have been introduced into yeast and flmgi to im­
prove ethanol production by fermentation (Ashikari and Yoshizumi, 1994). 
Protein engineering of GA 
Cloned genes of GA from different sources have been reported (Takahashi et al., 1981; 
Nunberg etal., 1984; Coutinho and Reilly, I994a,b), including genes from^. awamori and 
A. niger. The gene for GA from .4. awamori var. XI00 has also been cloned, so that tandem 
studies in directed mutation and X-ray crystallography are possible in either the A. awamori! 
A. niger or A. awamori var. XI00 systems. Furthermore, the cloned gene for GA from A. 
awamori has been expressed in yeast. The recombinant protein from yeast was processed by 
limited proteolysis and crystallized, resulting in an X-ray structure at 2.2 A resolution 
(Aleshin et al., 1992). 
A mutant GA with higher thermostability combined with retention of high specific 
activity, higher optimal pH, and lower selectivity for a-(l,6)-glucosidic linkages would be 
desirable for industrial applications (Bakir etal., 1993; Sierks and Svensson, 1993a; Flory et 
al., 1994; Chen et al., 1994a,b, 1995, 1996; Li et aL, 1997; Allen et al., 1998; Fang and Ford, 
1998; Fang etal., 1998a,b; Li and Ford, 1998; Liu et al., 1998a,b,c). Protein engineering has 
been successfully applied to GA to achieve the above objectives. For examples, mutations 
affecting thermostability (Sierks et al., 1993; Chen et al., 1994a,b, 1995, 1996; Li and Ford, 
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1998; Li et al., 1997, 1998; Allen etal., 1998), selectivity (Fagerstrom, 1991; Sierks and 
Svensson, 1992a,b; Sierks etal., 1993; Fierobe et al., 1996; Fang et al., 1998a,b; Liu et al., 
1998a,b,c), and optimal pH (Bakir et al., 1993; Fang and Ford, 1998) have been 
characterized. 
The majority of GA mutations differ from the wild-tj^e enzyme in only a single position. 
Specifically, mutations Glul79^Ghi, Glul80->Gln (Sierks et al., 1990), Arg54->Lys, 
Arg54—>Leu, Arg305—>Lys, Tyr317—>Phe (Frandsen et al., 1995), Trpl20—>His, Trpl20 
-^Leu, Trpl20->Phe, TrpllO^Tyr (Sierks etal., 1989), Asp55—>Gly (Sierks and Svensson, 
1993), and Tyr48^Trp (Frandsen et al., 1994) have resulted in significant reductions in 
activity and/or increases in the Km values for substrates. The residues above either hydrogen-
bond to or make nonbonded contacts with substrate analogues, as revealed by X-ray 
difeaction studies (Aleshin et al., 1992,1994a,b, 1996). In addition, mutations have been 
made at Asp309, Glu400, and Gln401, residues directly involved in enzyme-Iigand 
interactions. Glu400 hydrogen-bonds to Wat500, the putative nuclophile in the hydrolysis of 
oligosaccharides. Gln401 hydrogen-bonds to Asp309 and Glu400 and forms a salt link with 
Arg305. Although the Gln401->Glu mutation has only a minor effect on kcat and the 
Asp309->Glu and Glu400-^Gln mutations affect them more. Thus, procedures for the 
mutation and characterization of mutant enzymes are well-established with GA. Furthermore, 
the results of mutations are fully consistent with X-ray diffraction studies. 
Asnl82—•Ala mutant GA gave a 5°C increase in optimal temperature (Sierks et al., 1993; 
Chen et al., 1994a). The substitution of a-helical Gly residues to Ala led to mutants Gly 137 
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—>Ala, Glyl39—•Ala, and Glyl37->Ala/Glyl39—>Ala, all showing the same specific 
activities as wild-type GA and decreased thermoinactivation rates (Chen et al., 1996). An 
extra disulfide bridge was successfully introduced into the catalytic domain between residues 
Asn20 and Ala27 to obtain a more thermostable GA (Li and Ford, 1998). Ser30->Pro, 
Ser30—>^Pro/Glyl37-^Ala, and SS/Ser30—>'Pro/Glyl37->Aiamutant GAs also haH improved 
thermostability as well as demonstrating additivity effects by combining single mutations 
together (Allen et al., 1998). 
Some studies to alter GA selectivity based on local homology around the catalytic site 
with a-amylase, which lacks a-(l,6) activity (Sierks and Svensson, 1992a,b; Sierks et al., 
1993), have yielded mutations Serl 19->Tyr, Glyl83->'Lys, and Serl84->His. All of three 
mutations gave about 2.3- to 3.5-foId catalytic efficiency increase for maltooligosaccharide 
over isomaltose hydrolysis. Fagerstrom (1991) copied some of the sequence from 
Hormoconis resinae GA, an en2yme with high a-(l,6) activity, into A. niger GA to study 
enzyme selectivity and successfully increased the catalytic efficiency for isomaltose 
hydrolysis by an L3L5 combined loop mutation. Fierobe etal. (1996) centered their studies 
on multiple mutations on the conserved regions S3 and S4, leading to significant loss of 
enzyme activity with no significant decrease in selectivity. Ser411, which is located in the 
first subsite, had been replaced by other residues, of which Ser41 l->Ala significantly 
decreased GA ability to synthesize isomaltose from the glucose condensation reaction while 
maintaining 70% wild-type GA activity with 4% (w/v) maltose as substrate (Fang et al.. 
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1998a). Some other mutations to study substrate selectivity and isomaltose formation will be 
described in the following chapters. 
Mutations have been introduced into the region near the active site to study GA optimal 
pH. Some of them had pH profiles similar to wild-type GA with very low activity (Bakir et 
al., 1993), while some really altered the optimal pH while maintaining wild-type activity 
(Fang and Ford, 1998). Mutations Glyl83->Lys and Serl84->His broadened the optimal pH 
range for activity towards acidic as well as alkaline conditions by introducing a cationic side 
chain (Sierks and Sevensson, 1993a). 
Mutations done heretofore, however, have not resulted in new forms of GA with signifi­
cant improvements in catalytic properties or selectivity. Apparently, most single mutations 
alone are unlikely to bring about substantial increases in thermostability, the pH of optimal 
activity, and/or the specificity of bond hydrolysis or synthesis. In addition to single 
mutations, deletion mutations have been constructed that eliminate some or all of the O-
glycosylated linker domain. This successful result (Chen et al., 1991a) encourages further 
deletion or insertion mutations made in the catalytic or starch-binding domains in the future. 
Catalytic properties of GA 
GA catalyzes the release of P-D-glucose from the nonreducing end of starch chains and 
oligosaccharides. Although the primary specificity of the enzyme is the hydrolytic cleavage 
of a-l,4-linkages, GAs from Aspergilli also cleave a-l,6-linkages (Pazur and Ando, 1960; 
Fleetwood and Weigel, 1962; Sierks et al., 1989). The catalytic efficiency of GA improves as 
oligosaccharide substrates increase in length up to six glucosyl units (Abdullah et al., 1963; 
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Sierks et al., 1989). Subsite mapping results imply that there are five to seven glucosyl 
binding loci (Hiromi, 1970; Savel'ev et al., 1982; Tanaka et al., 1983a,b; Koyama et al., 
1984; Meagher et al., 1989). Cleavage occurs at the glycosidic linkage between the glucosyl 
units occupying subsites -1 and +1. For oligosaccharides of two to seven glucosyl units, the 
interactions at subsite +1 provide the largest negative free energy of binding between 
substrate and enzyme. 
Svensson et al. (1982) found that GA I from^. niger hydrolyzes raw starch granules 
from various sources about 10- to 30-fold faster than does GA H. The difference in the rates 
of degradation of raw starch stenns from a significant difference in the binding affinity of GA 
I and GA 11 to raw starch. Dalmia and Nikolov (1991) found an increase of 100-fold for the 
equilibrium adsorption of GA I to raw starch relative to GA n. The surface concentration of 
bound GA I was five times higher than that of GA II after 90 min at 4°C, with GA I releasing 
almost five times more glucose from starch granules than did GA 11. 
The variation of Km and kcaJKM as a fimction of pH yields an optimal pH for catalysis of 
approximately 4.5 and essential ionizable groups with values of 2.8 and 5.8 (Hiromi et 
al., 1966; Savel'ev and Firsov, 1983). Sierks et al. (1990) have assigned Glul79 to the limit­
ing pKa value of 5.8 and suggested it as the acid catalyst Results of X-ray diffraction studies 
are consistent with Glul79 as the catalytic acid (Aleshin et al., 1992), but suggest instead that 
the ionizable group with pKa of 5.8 is a hydronium ion bound to the active site in the absence 
of the substrate and that Glul79 becomes protonated only in the presence of substrate 
(Aleshin et al., 1994a). Crystallographic studies of GA-ligand complexs assign Glu400 to the 
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role of catalytic base (Harris et al., 1993), a role confirmed by site-directed mutation 
(Frandsen er a/., 1994). 
X-ray structures present the active site as a "dead-end" pocket Thus, products of a 
catalytic event must dtSuse from the active site before the enzyme is capable of another 
turnover, in agreement with the absence of multiple attack being observed for GA kinetics 
(Savel'ev et aL, 1985). Kinetic isotope effects imply the formation of a carbonixrai ion 
intermediate (Firsov, 1978; Matsui et al., 1989). The net negative electrostatic charge at the 
active site would stabilize the positive charge associated with a partially or completely 
developed glucopyranosyl cation. 
By using a series of deoxy analogues of maltose, the role of specific functional groups of 
the substrate in enzyme-substrate recognition has been examined (Bock and Pedersen, 1987). 
Qualitatively, the 3-, 4'-, and 6'-hydroxyl groups are critical to recognition and hydrolysis of 
the substrate by the enzyme. Furthermore, the binding energies of transition states involving 
analogues and wild-type and mutant GAs suggest an interaction between the carboxylate of 
Glul80 and the 2-hydroxyl of maltose (Sierks and Svensson, 1992a). Crystallographic 
studies have confirmed the conclusions from above findings. 
Studies in fast kinetics (Tanaka et al., 1982; Olsen et al., 1992) indicate a two-step 
process for the binding of ligands (inhibitors and substrates) to the active site of GA. The first 
step, a rapid bimolecular process, is followed by a slow unimolecular step. Tanaka et al. 
(1982) envisioned the formation of an initial ligand-enzyme encounter complex, in which the 
nonreducing end of the ligand does not occupy subsite -1. The slow unimolecular step 
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involves the migration of the ligand to subsite -1 with a concomitant expulsion of water. 
Olsen et al. (1992) interpreted their kinetic data differently. The fast step instead reflects 
ligand association with the enzyme so that subsite -1 is occupied immediately, followed by a 
slow conformational change in the protein to accoxmt for the unimolecular slow step. 
Crystallographic studies favor the interpretation of Tanaka et al. (1982), "dimply because GA 
does not undergo conformational change in response to the binding of inhibitors. 
Enzyme kinetics 
GA not only hydrolyzes a-l,4-D-glucosidic linkages, but also hydrolyzes a-1,2-, a-1,3-, 
a-1,6-, and a,P-l,l-D-glucosidic bonds with a much slower rate (Pazur and BCleppe, 1962; 
Meagher and Reilly, 1989). 
Kinetic models for GA 
Two kinetic mechanisms have been proposed for GA. Model (1) holds for maltose 
hydrolysis based on the steady state stopped-flow kiaetic studies on Rhizopus nivens GA 
(Tanaka et al., 1982a, 1983) and.4. niger GAs (Olsen et al., 1992). This model involves the 
fast association of enzyme E and substrate S, followed by a slow change in conformation of 
the first complex ES: 
ki kj 
k3 




Model (2) shows an additional step followed by the complex £S*. This model works espec­
ially for isomaltose hydrolysis in^. niger GA (Olsen et al, 1992). 
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Active site location ofGA 
The subsite concept originally emerged from proteases (Schechter and Berger, 1967; 
Morihara and Oka, 1968). Rhizopus GA is the first GA family to which the subsite theory 
was successfully applied (Hiromi, 1971; Hiromi et al., 1973). "Subsite structure" is defined 
as the arrangement and magnitude of the subsite affinities (Thoma et al., 1970; Hiromi, 
1971). Kinetic studies of GA from R. niveus determined the active site to be composed of 
seven subsites (Himori et al., 1983) with the catalytic site located between subsites -1 and +1, 
and with the nonreducing end of the substrate binding at subsite +1 and then switching to 
subsite -1 to form the enzyme-substrate complex ES (Tanaka et al., 1982a, 1983b; Ohnishi et 
al., 1983). Also, kinetic smdies on GA from Rhizopus delemar (Hiromi, 1971, 1972; Hiromi 
et al., 1973), R. niveus (Nakatani et al., 1980; Tanaka et al., 1983a), A. awamori (Savel'ev et 
al., 1982), A. saitoi (Koyama et al., 1984), A. niger (Meagher et al., 1989), and some other 
families (Monma et al., 1989; Ohnishi, 1990; Fagerstrom., 1991; Ohnishi et al., 1992; Ermer 
et al., 1993; Tanaka and Takeda, 1994), all show similar results, consisting of six to seven 
subsites, all with the catalytic site located between subsites -1 and +1 (Hiromi et al., 1973, 
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1983; Tanaka et al., 1983; Meagher et al., 1989). The afSnity of subsite -1 is very small or 
negative while that of subsite +1 is the highest; this result helps to determine the catalj^tic site 
location. 
Chemical modification of GA 
Chemical modification has successfully identified the exposed residues and those 
involved in catalytic and starch-binding activities in A. awamori var. XI00 (Savel'ev and 
Firsov, 1983) and A. niger GAs (Clarke and Svensson, 1984a,b; Svensson et aL, 1986b, 
1988, 1990). These studies showed that residues Aspl76, GIul79, and Glul80 are important 
for v4. niger GA activity (Svensson et al., 1990); Trp590 and Trp615 are responsible for 
starch granule adsorption (Svensson et al., 1986b). Studies with substrate analogues showed 
that the 3-, 4'-, and 6'-0H groups of maltosides as well as the 4-, 4'-, and 6'-0H groups of 
isomaltosides are required for rapid hydrolysis (Bock and Pedersen, 1987, 1988; Bock et al., 
1991; Lemieux et al., 1996). 
Some inhibitors of the GA catalytic site have been recognized (Tanaka et al., 1982a; 
Bock and Pedersen, 1984; Clarke and Svensson, 1984a; Svensson et al., 1988b). For 
example, the pseudotetrasaccharide acarbose is a GA inhibitor (Bock and Pederson, 1984; 
Clarke and Svensson, 1984a, Svensson et al., 1988b) and was complexed with.(4. awamori 
var. XI00 GA for the X-ray crystaUographic study (Aleshin et al., 1994b). 
Selectivity and thermostability of GA 
Selectivity for an enzyme is determined by the ability to form a stable enzyme-substrate 
complex, ES, in both ground and transition states. The stability of the ES complex is affected 
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by steric constraints, hydrogen bonding, hydrophobic contacts, van der Waal's forces, and 
electrostatic forces (Fersht, 1985). 
GA hydrolyzes a-l,4-glucosidic linkages 500- to 600-fold faster than a-l,6-glucosidic 
linkages because the conformation of the catalytic site is more favorable for a-l,4-linked 
substrates. Even so, D-glucose yield in starch processing is still limited to about 95-96% of 
theoretical because of the presence of some undesirable reversion products, such as a,P-tre-
halose, kojibiose, nigerose, isomaltose, maltotriose, panose, and isomaltose (Nikolov et al., 
1989) caused by the D-glucose condensation reaction at the same catalytic site. Among these 
reversion products, isomaltose is produced to the highest eqxiilibriimi level even though its 
initial rate is slower compared to maltose (Roels and van Tilburg, 1979; Adachi et al., 1984; 
Beschkov et al., 1984). Our goal is to increase the glucose yield by reducii^ isomaltose for­
mation. Mutational analysis in conjunction with enzyme kinetics, thermodynamics, and X-
ray crystallographic studies has been a valuable approach to understanding the mechanism of 
substrate binding and specific catalytic mechanism in carbohydrates (Siimott, 1990; Svensson 
and Soggard, 1993; Svensson, 1994; Svensson et al., 1995) and other enzymes. The 
following text provides some results and principles on selectivity studies from different 
enzymes. 
General substrate specificity 
Molecular modeling studies of substrates containing a P3GIU, PsArg, or PsTyr covalently 
bound as the tetrahedral intermediate to the S3 subsite of the enzyme cathepsin B showed 
that the selectivity for a PsTyr is because of a favorable aromatic-aromatic interaction with 
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Tyr75 on the en2yme as well as a possible H bond between the PsTyr hydroxyl and the side 
chain carboxyl of Asp69 (Taralp et al., 1995). Five mutations were made to decrease the 
affinity of Bacillus sp. SAM1606 a-glucosidase for a,a-trehalose over isomaltose, providing 
evidence for the differential roles of the amino acid residues in the conserved regions 
determining the selectivity of a-glucosidase (Inohara-Ochiai et aL, 1997). Exchanging the 
seat-belt region between human thyroid-stimulating hormone P-subunit (hTSH*^ and human 
follicle-stimulating hormone (hFSH'^ ) by mtitagenesis switched hormone selectivity in a 
mutually exclusive fashion (Grossmann et aL, 1997). 
A series of peptides containing single mutations in a sequence representing a naturally 
occurring HTV cleavage site was used to characterize the seven-substrate binding subsites of 
avian myeloblastosis virus retroviral proteinase (AMV PR) and revealed that selectivity 
strongly depends on the sequence context of the substrate (Tozser et al., 1996). Four chimeric 
Upases were generated to deteraiine that the 22-amino acid loop covering the catalytic 
domain in lipoprotein lipase (LPL) and hepatic lipase (HP) plays a crucial role in determining 
lipase selectivity (Dugi et al., 1995). The catalytic activity and selectivity of protein-tyrosine 
phosphate a (PTPa) was determined by replacing the putative general acid/base Glu690 with 
Asp (Wu et aL, 1997). The fatty acyl-CoA synthetase signature motif was proposed to be 
essential for catalytic activity and to promote fatty acid chain length selectivity by mutational 
analysis (Black et aL, 1997). 
The N-tenninal domain was found to be important for the amino acid selectivity of 
tyrocidine synthetase I by homologous modules from two different peptide synthetases 
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(Eisner et al., 1997). Kinetic data were used to derive a model in which several distinct 
mechanisms contribute to the remarkable selectivity of tissue-type plasminogen activator (t-
PA) (Coombs et al., 1996). Seven amino acid residues were substituted by mutagenesis on 
hiraian liver dihydrodiol dehydrogenase isoen2ymes (Dda and DD2) and showed remarkably 
differences in steroidal selectivity and inhibitor sensitivity (Matsuura et al., 1997). Values of 
kcat and Km for the hydrolysis of cellotriose and cellotetraose by endoglucanase A (CenA) 
fixjm Cellulomonas fimi indicated that specific binding between the reducing-end glucose 
residues of cellotriose and cellotetraose and the enzyme at the transition state provide 
enormous stabilization (Damude etal., 1996). 
Two Gly residues at positions 216 and 226 of rat trypsin were replaced by Ala, yielding 
enhanced selectivity (Craik et al, 1985). Gly 166, which is located at the bottom of the 
substrate binding cleft (Si pocket), was replaced by twelve nonionic amino acids one by one 
by cassette mutagenesis to probe steric and hydrophobic effects on the selectivity of subtilisin 
BPN' (Estell et al., 1986). The catalytic efficiency was increased for complementary charged 
substrates, bxit decreased for similarly charged substrates by engineering the electrostatic 
interactions between charged substrates and complementary charged amino acids in subtilisin 
BPN' (Wells et al., 1987). The substrate specificity of BPN' was improved by replacing 
lie 107, which is located at the bottom of the S4 binding pocket, with Val, Ala, or Gly by 
increasing the size of S4 (Rheinnecker et al., 1994). 
Again, site-directed mutagenesis was applied to evaluate the effect of a substitution 
outside the reactive site loop (Pig) or in the reactive site loop (Pe or Pio) on proteinase 
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selectivity and conformational transitions in plasminogen activator inhibitor-1 (PAI-1), 
which is a unique member of the serpin superfemily (Gils and Declerck, 1997). Also, the 
structural basis for the dual selectivity of the malonyi-CoA/acetyl-CoA;acyl carrier protein S-
acyltransferase associated with animal fatty acid synthase was investigated by mutagenesis 
(Rangan and Smith, 1997). The drastic changes in DNA binding specificity caused by 
Leu71->Glu of the transcription factor MYB.Ph3 from petunia reflected that certain residues 
in the N-terminal repeat R2 influence this binding affinity to a great extent (Solano et aL, 
1997). In the same way, the selectivity of yeast Ftase could be switched to that of a closely 
related en2yme, geranylgeranyl-transferase type I (GGTase I) by only a single amino acid 
replacement at one of three residues: Serl59, Tyr362, or Tyr366 of its (3-subunit (Villar et aL, 
1997). 
GA substrate selectivity 
According to the above selectivity results, it is promising that site-directed mutagenesis 
would be a valuable tool for constructing a mutant GA with a better selectivit>' for a-1,4-
over a-l,6-glucosidic linked substrates by altering the hydrogen bonding, hydrophobic 
effects, or the size of the cavity for the substrates to fit into the catalytic site. Actually, some 
studies have been done to improve the substrate selectivity of GA by single residue 
substitution; i.e. Serl 19->Tyr, GIyl83->Lys, and Serl84->His all showed 2.3- to 3.5-fold 
enhancement for the ratio of catalytic efficiencies for the hydrolysis of maltose to that of 
isomaltose (Sierks and Svensson, 1994; Svensson et al, 1995). Mutational and kinetic 
analysis of residue Arg305 from A. niger GA showed that this residue is an important 
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determinant in the distinction of the a-(l,4) to a-(l,6) substrate selectivity (Frandsen et al.^ 
1995). Trpl20 is also a critical residue to direct conformational changes stabilizing the 
enzyme-substrate transition-state structure (Sierks and Svensson, 1993). On the other HanH a 
change in the hydrogen bonding network of Asp 176 was important in the rate-determining 
catalytic step, but not in the substrate binding step (Christensen et al., 1996). 
Molecular modeling of deoxygenated substrates coupled with site-directed mutagenesis 
for the structural analysis of GA-isomaltose transition-state complex showed that: 1) GA 
seems to induce a change from the predominant solution gauche-gauche conformer to trans-
gauche isomaltose and leads to enhanced binding at subsite -1 in the transition-state complex; 
2) OH-4', -6', and -4 are critical for isomaltose hydrolysis (Frandsen et al., 1996). Other than 
site-directed mutagenesis and molecular modeling, titration calorimetry provides an 
alternative way to study the binding of inhibitors and substrates and their temperature and pH 
dependencies for GA from .<4. niger (Olsen et al., 1993; Sigurskjold etal., 1994b; Berland et 
al., 1995). 
GA thermostability 
Traditionally, GA thermostability could be improved by chemical modification or 
iimnobilization. Chemical modification, changing one specific ftmctional group of a protein 
side chain such as a carboxyl group by chemical reactions, generally results in negative or 
relatively little improvement for GA thermostability (Sinitsyn et al., 1978; Mimch and 
Tritsch, 1990). Immobilization usually leads to some loss of enzyme activity (Lee et al., 
1976; Svensson and Ottesen, 1981; Lenders and Chrichton, 1988). The disadvantage of this 
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strategy is that it must be used at lower operational temperatures to preserve the stabilized 
GA for several months (Lee et al., 1976), so that the microbial contamination can take place. 
Even though successful thermostabilization has been reported for some other enzymes (Alber 
and Wozniak, 1985; Matsumura and Aiba, 1985; Grutter et al., 1987) by random 
mutagenesis, in the case of GA direct screening for a more thermostable mutant at 
temperature higher than 60°C is not easily achieved because S. cerevisiae, from which GA is 
usually expressed, is not sufficiently thermophilic. 
Site-directed mutagenesis has been a powerfiil technique to improve enzyme stability 
(Perry and Wetzel, 1984; Imanaka et al., 1986; Matsumura et al., 1986; Ahem et al., 1987; 
Matthews et al., 1987; Wigley et al., 1987; ItohetaL, 1989; Imanaka, 1990; Quax etal., 
1991) and to study the active site of A. awamori GA (Sierks etal., 1989,1990, 1993; Sierks 
and Svensson, 1993). Sequence homology and extensive knowledge of the structure of the 
catalytic domain should be coupled with site-directed mutagenesis (Imanaka, 1990) to 
successfiilly improve GA thermostability. 
GA undergoes irreversible thermoinactivation at 70°C at pH 3.5,4.5, and 5.5 (IVIunch and 
Tritsch, 1990). The rate-determining step in the irreversible thermoinactivation of GA is the 
formation of incorrect conformations, the so-called "scrambled structures" (Ahem and 
BClibanov, 1985, 1988). The following strategies have been employed to increase GA 
thermostability; 1) increase a-helix stability; 2) introduce additional disulfide linkages; and 
3) eliminate the sites of thermoinactivation by deamidation and thermolabile aspartyl bonds 
(Chen etal., 1994a,b; 1995,1996; Fierobe etal., 1996; Li etal., 1997,1998; Li and Ford, 
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1998; Allen et al., 1998). Mutation Ala246—>Cys, which appears to form an additional 
disulfide bond with Cys320, has increased thermostability with retention of 27% and 85% of 
wild-type GA activity when maltose and maltoheptoase were used as substrates, respectively 
(Fierobe et al., 1996). The additional disulfide linkage formed by replacing both Asn20 and 
Ala27 by Cys (Li and Ford, 1998) stabilized either or both the loop containing the conserved 
SI fragment of GA involved in substrate binding (Coutinho and Reilly, 1994a) and the loop 
containing residue Trpl20 that is very critical for catalysis (Sierks et al., 1989; Natarajan and 
Sierks, 1996). 
The strategy of additive mutagenesis has been one of the most powerful and successful 
tools in stabilizing proteins to irreversible inactivatiotu such as A, repressor (Hecht et al., 
1986), subtilisin (Bryan et al., 1987; Cunningham and Wells, 1987; Pantoiiano et al., 1989), 
kanamycin nucleotidyltransferase (Liao et al., 1986), T4 lysozyme (Wetzel et al., 1988; Mat-
simiura et al., 1989); in engineering the substrate specificity of subtilisin (Wells et al., 
1987a,b; Russell and Fersht, 1987); in the coenzyme specificity of glutathione reductase 
(Scrutton et al., 1990); and in enhancing the cataljnic efficiency of a weakly active variant of 
subtilisin (Carter et al., 1989). 
Some GA combination mutants, such as Asn20—>Cys/Ala27->Cys/Glyl37-^Ala, Glyl37 
—^Ala/Ser436—>>Pro (Li and Ford, 1998), Ser30^Pro/Glyl37—>Ala, and Asn20->Cys/Ala27 
->Cys/Ser30->Pro/Glyl37-^Ala (Allen etal., 1998), aU showed cumulative effects on GA 
thermostability. It is not always the case because the combination mutant Asn20->Cys/Ala27 
^Cys/Ser436->Pro did not show the additivity of thermostability fairly because Asn20-> 
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Cys/Ala27—>Cys and Ser436—>Pro are relatively far away from each other and the unfolding 
of these two regions is not closely related (Li and Ford, 1998). 
Research objectives 
Since D-glucose yield is limited to about 95-96% of theoretical, a better designed mutant 
GA with a better selectivity for a-(l,4)- rather than a-(l,6)-Iinked substrates would be desir­
able for industrial usages in starch processing. Isomaltose production was examined since it 
is produced to the highest equilibrium level among all the reversion products in highly 
concentrated glucose solutions, so the most direct strategy to increase the D-glucose yield 
would be to reduce the initial rate of isomaltose formation. 
One of the research objectives in this dissertation is to construct some mutant GAs 
around the catalytic site to study the effect of the hydrogen binding network between the 
catalytic subsites and the substrates on GA selectivity. The effects of reaction temperature 
and different substrates on GA selectivity are also discussed. 
According to the principle of additivitj' of mutational effects in proteins, some 
combination mutant GAs to improve thermostability as well as substrate selectivity were also 
studied in this project. 
The other important objective in this dissertation is to study the relationship between ther­
mostability and selectivity of the mutant GAs. Hopefully, we can construct some mutant GAs 
with better thermostability along with better glucose yield in the future based on the 
discussion in this dissertatiorL 
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Dissertation organization 
The body of this dissertation contains a general introduction to orient the reader to the 
scientific relevance of this research program, three papers written in the of Protein 
Engineering, where the first has been accepted and the second and third have been submitted, 
and a general conclusions and recommendations section. Each paper provides its individual 
references listed at the end. Any references cited in the general introduction and general 
conclusions and recommendations appear in the general references at the end of this 
dissertation. 
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MUTATIONS TO liLTESiASPERGILLUSAWAMORI 
GLUCOAMYLASE SELECTIVITY. DI. ASN20^CYS/ALA27^CYS, 
ALA27->PRO, SER30^PRO, LYS108-^ARG, LYSIOS^MET, 
GLY137-^ALA, 311-314 LOOP, TYR312-^TRP AND SER436-»PRO 
A paper accepted by Protein Engineering 
Hsuan-Liang Liu, Pedro M. Coutinho, Clark Ford' and Peter J. Reilly^ 
Department of Qiemical Engineering, Iowa State University, Ames, lA 50011, USA 
Abstract 
Mutations Asn20->Cys/Ala27^Cys (SS), Ala27->Pro, Ser30->Pro, LyslOS^Arg, 
Glyl37—>AIa, Tyr312—>Trp and Ser436—•Pro in Aspergillus awamori glucoamylase, along 
with a mutation inserting a seven-residue loop between Tyr311 and Gly314 (311 -314 Loop), 
were made to increase glucose >ield from maltodextrin hydrolysis. No active LyslOS—>-Met 
glucoamylase was found in the supematent after being expressed from yeast. LyslOS—>Arg, 
311-314 Loop and Tyr312->Trp glucoamylases have lower activities than wild-type gluco­
amylase; other GAs have the same or higher activities. SS and 311-314 Loop glucoamylases 
give 1/4 to 2/3 the relative rates of isomaltose formation from glucose compared to glucose 
formation from maltodextrins at 35, 45, and 55®C, correlating with up to 2% higher peak glu­
cose yields from 30% (w/v) maltodextrin hydrolysis. Conversely, Lysl08-^Arg gluco­
amylase has relative isomaltose formation rates three times higher and glucose yields up to 
'Department of Food Science and Himian Nutrition, Iowa State University, Ames, lA 50011 
^To whom correspondence should be addressed (Phone: 1-515-294-5968; fax: 1-515-294-
2689; e-mail: reilly@iastate.edu) 
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4% lower than wild-type glucoamylase. Glyl37—>^Ala and T3n:312—>Trp glucoamylases also 
give high glucose yields at higher temperatures. Mutated glucoamylases that catalyze high 
rates of isomaltose formation give higher glucose yields firom shorter than from longer malto-
dextrins, opposite normal experience with more efficient glucoamylases. 
Keywords: glucoamylase/glucose/condensatioii/isomaltose/site-directed mutagenesis/ 
yield 
Introductioii 
Glucoamylase (1,4-a-D-glucan glucohydrolase, EC 3.2.1.3, GA) catalyzes P-D-glucose 
release from the nonreducing ends of starch and related oligo- and polysaccharide chains by 
a-l,4-giucosidic bond hydrolysis (Figure 1). Aspergillus awamori snd Aspergillus niger 
GAs, which have identical amino acid sequences (Svensson et al., 1983; Nunberg et aL, 
1984), are widely used in industry to produce high-glucose syrups, to be converted primarily 
to fructose and ethanol. GA can also hydrolyze a,(3-l,l-, a-1,2-, a-1,3-, and a-l,6-glucosidic 
bonds at much lower rates (Hiromi et al., 1966a,b; Meagher and Reilly, 1989). 
GA synthesizes various a-linked di-, tri-, and tetrasaccharides in high D-glucose concen­
trations by reforming all the above bonds (Pazur and Okada, 1967; Hehre et al., 1969; Pazur 
et al., 1977; Nikolov et al., 1989), as the law of microscopic reversibility mandates. This 
limits D-glucose yield from starch hydrolysis to 95-96% of theoretical (Crabb and 
Mitchinson, 1997). In these condensation reactions, isomaltose [a-D-glucopyranosyl-(l->6)-
D-glucose, iG2] is thermodynamically favored since its glucosidic bond is through a primary 




f a-1,4-glucosidic linkages 
(^GA + 2H20 
P-D-glucose ,4-giucosidic linkages 
VGA + SHJO 
(^GA 
s O  
p-D-glucose 
Figure 1. Schematic of hydrolysis of branched maltooligosaccharide by GA. Reducing 
residues are open, while nonreducing residues are closed. Closed arrows denote 
sites of initial a-1,4- and a-l,6-glucosidic bond cleavage. The reverse reaction 
condaises D-glucose into five different a-linked D-glucosyl disaccharides, but 
chiefly into the a-l,6-liaked isomaltose. 
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it reaches the highest equilibrium level even though its initial synthesis rate is much lower 
than that of maltose [a-D-glucopyranosyl-(l->4)-D-glucose, G2] (Hehre et al, 1969; Roels 
and van Tilburg, 1979; Adachi et al., 1984; Beschkov et al., 1984; Shiraishi et ai, 1985; 
Nikolov et al., 1989), the kinetically favored product. If GA could be engineered to decrease 
its ability to synthesize iG2, higher D-glucose yields fix)m starch would be achieved. 
In this work we constructed three single mutations, LyslOS—>Arg, LyslOS^Met and 
Tyr312 ->Trp, and one insertional mutant, Tyr311-Tyr312-Asn313-Gly314—)•Tyr311-Asn-
Gly-Asn-Gly-Asn-Ser-Gln-Gly3 14 (311-314 Loop) (Figure 2) by site-directed mutagenesis 
to decrease iGi formation rate and to increase glucose yield. GA amino acid sequences can be 
aligned into six conserved regions, corresponding to the six inter-heUcal loops that border the 
active site in the center of the catalytic domain (Tanaka et al., 1986; Itch et al., 1987; Cou­
tinho and Reilly, 1994a,b, 1997; Fierobe et al., 1996). Both Lysl08 and Tyr312 are located in 
the (a/a)6-foId of the catalytic domain in conserved segments that define the active site (Al-
eshin et al., 1992) in the loops between a-hehces 3 and 4 and 9 and 10, respectively. The 
catalytic site, where hydrolysis takes place, is defined by subsites -I and +l (Davies et al., 
1997). 
We picked Lysl08 to mutate because it is totally conserved in all GAs except 
Clostridium GA, where it is missing (Coutinho and Reilly, 1997). The Clostridium GA has 
relatively high a-1,6 activity (Ohnishi et al., 1992). Lysl08 is proposed to form a water-
bridged hydrogen bond with the 6-OH of the reducing glucosyl residue of G2 at subsite +1 
through a surface water molecule (Coutinho and Reilly, 1994a). However, this surface water 
does not form a hydrogen bond with either l-deoxynojirimycin (Harris et al, 1993) or 
u> 
•-4 
Figure 2. Three-dimensional view of A. awamorilA. niger GA, showing mutated residues. 
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acarfaose (Aleshin et al, 1994) due to their shifted positions in the active site. There is no 
hydrogen bond in the GA-iG2 complex through this hydroxyl group, since it is now part of 
the glucosidic bond. We replaced LyslOS with Arg and Met residues to study the influence of 
side-chain surface charges on transition-state stabilization in a well defined void formed by 
the aromatic residues TyrSO, Trp52, Tyrl 16 and Trpl20 (Coutinho and Reilly, 1994a). It had 
not previously been mutated, so this work will be of interest in demonstrating whether highly 
conserved residues in conserved regions do in fact play important roles in enzyme activity, 
thermostability and selectivity (Coutinho and Reilly, 1994b). 
We mutated Tyr312 because it adjoins Tyr311, which participates in a hydrogen-bond 
network with the general catal3mc base Glu400 (Harris et al., 1993) through the invariant 
Tyr48. The Tyr48 side chain is important for maintaining active-site geometry (Frandsen et 
al., 1994). The large loss in substrate afSnity of Glu400—^•Gln GA is because of 
destabilization due to disruption of the hydrogen-bond network involving the Glu400 y-car-
boxyl group, the Tyr48 hydroxyl group and the Tyr311 hydroxyl group (Aleshin et al., 
1994). Tyr311 is also totally conserved (Coutinho and Reilly, 1997). Based on the above 
evidence, we chose Tyr312, located right behind Tyr311 with respect to the substrate in the 
enzyme-substrate complex (Aleshin et al., 1994) and not totally conserved (Coutinho and 
Reilly, 1997), to be mutated to Trp. This introduced a bigger side chain to supply stronger 
support to Tyr311 in forming the tight hydrogen-bond network described above, tightening 
interactions at subsite +1. Besides a changed concerted loop movement in the Loop 3-Loop 5 
double-loop mutant (Fierobe et al., 1996), the higher flexibility of Tyr311 and therefore of 
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subsite +1 caused by the TyrSll-^Met mutation may have contributed significantly to its 
higher a-l,6-activity, as foimd in Hormoconis resinae GA S (Fagerstrom, 1991). 
We introduced the 311-314 loop mutation to mimic the Rhizopus GA sequence. GAs 
from Rhizopus and some other subfamilies have longer amino acid sequences in the 
conserved region between helices 9 and 10 than do A. niger or A. awamori GAs (Coutinho 
and Reilly, 1994a) and therefore may have different active-site conformations. Rhizopus 
niveus GA has a catalytic efficiency about 20-50% that of A. niger GA for iGz hydrolysis 
(Tanaka and Takeda, 1994) with about the same catalj^c efficiency for Gj hydrolysis (Ohn-
ishi, 1990). In addition, H. resinae GA has ratios of catalytic efficiency for a-1,4-
over a-l,6-glucosidic bonds only 10% those of A. awamorilA. niger GA (Fagerstrom, 1991; 
Fagerstrom and Kalkkinen, 1995). Two individual loop replacements and one double loop 
replacement have been constructed in A. awamori GA to mimic part of the H. resinae GA 
sequence (Fierobe et ai, 1996). The double mutation had approximately twofold higher relat­
ive catalytic efficiencies for hydrolysis of a-1,6- over a-l,4-Iiiiked substrates. Although loop 
replacement based on sequence homology can be a powerfiil tool for altering GA selectivity 
(Svensson et al., 1995; Fierobe et ai, 1996; Stofifer et al, 1997), loop insertion or deletion 
had not been attempted in the GA catalytic domain. 
We measured kinetics and glucose yields of some previously constructed thermostable 
mutant GAs, Asn20-^Cys/Ala27->Cys (SS) (Li et ai, 1998), Ser30->Pro (Allen et ai, 
1998), Glyl37 ->AIa (Chen et al., 1996) and Ser436-^Pro (Li et ai, 1997), along with one 
theraiosensitive mutant GA, Ala27-»Pro (Li et al., 1997) to investigate a potential 
relationship between enzyme thermostability and selectivity (Figure 2). Asn20 is the C-
tenninal residue of a-helix 1 (Aleshin et al., 1992). Ala27 and Ser30 are located in a type n 
j3-tum on an extended loop belonging to the conserved region between a-helices 1 and 2 
(Coutinho and Reilly, 1994a,b, 1997). Glyl37 is located in the middle of the fourth a-helix. 
Ser436 is located in a random coU in a packing void of unknown function in A. awamori var. 
XI00 GA (Aleshin et al., 1994). The SS mutation was designed to create a disulfide bond on 
the catalytic domain surface and to stabilize GA against unfolding. The SerSO—>-Pro, 
Gly 137->^Ala and Ser436—>-Pro mutations were meant to stabilize GA by reducing the con­
formational entropy of imfolding, and are the most stable mutant GAs in a series of prev­
iously made X-^Pro and Gly->Ala substitutions (Chen et al., 1996; Li et al., 1997; Allen et 
al., 1997). Only Ala27 and Ser30 among these residues are located in conserved regions, and 
neither of them is totally conserved (Coutinho and Reilly, 1994a,b, 1997). 
Previous studies have attempted to improve GA selectivity by single-residue substit­
utions: Serl 19->'Tyr, Glyl83-)-Lys and Serl84->ffis GAs all had 2.3- to 3.5-fold enhance­
ment of the ratio of catalytic efSciencies of G2 hydrolysis to iG2 hydrolysis (Sierks and 
Svensson, 1994; Svensson et al., 1995). By mutating Arg305 to Lys, Frandsen et al. (1995) 
showed that Arg305 plays an important role in GA selectivity because it stabilizes a-1,4-
linked substrates from the hydrophilic side of the substrate-binding pocket in subsites -1 and 
+1. This has been confirmed for all the differently-linked disaccharide substrates of GA by 
molecular modeling (Coutinho et al., 1997a,b). On the other hand, Aspl76—>Asn GA shows 
no significant changes in binding (Christensen et al., 1996). Asp 176 is important in the rate-
determining catalytic step but not so much in substrate binding (Sierks et al., 1990), because 
its side chain participates in the hydrogen-bond netwoii: involving Glul79, the general catal­
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ytic acid, and the backbone of GlulSO, which fonns a hydrogen bond with the 2-OH of the 
glucosyl ring of maltose at subsite +I and is important in the Michaelis complex (Christensen 
etaL, 1996). 
Eleven mutations at positions not totally conserved around the GA active site were 
constructed by Fang et al. (1998a,b) to alter selectivity of A. awamori GA. Tyrl 16->Trp, 
Serl 19->Gly, Serl 19->'Trp, Glyl21->-AIa, Arg241->'Lys, Ser41 l^Ala, Ser41 l->Gly and 
Glyl21^Ala/ Ser41 l->Gly GAs all gave significantly increased glucose yields at 55°C 
compared to wild-type GA. In general there was an inverse coirelation between peak glucose 
yield and the ratio of initial rate of iG2 formation to that of glucose formation. 
Materials and methods 
Methods for enzyme production and purification, protein concentration measurement, 
enzyme kinetic assays, maltooligosaccharide hydrolysis and glucose condensation reactions 
were described by Fang et al. (1998a). Specific activities were detennined as in Fang et al. 
(1998b). 
Materials 
Glucose, maltose, maltotriose (G3), maltotetraose (G4), maltopentaose (G5), malto-
hexaose (Gg), maltoheptaose (G7), glucose oxidase, peroxidase and a-naphthol were firom 
Sigma. Isomaltose was purchased fixsm TCI America. Maltrin® Ml 00, Ml 80 and M250 
maltodextrins, of Dextrose Equivalents (DE) 10,18 and 25, respectively, and with average 
degrees of polymerization (DP) of 10, 6 and 4, were donated by Grain Processing Corporat­
ion. Other materials were as in Fang et al. (1997a). 
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She-directed mutagenesis 
Site-directed mutagenesis was performed with the Muta-Gene phagemid in vitro 
mutagenesis kit from Bio-Rad (Kunkel et al., 1987) aadnBamEl-Xhol fragment of the wild-
type GA cDNA inserted into the phagemid vector pGEM7Z(+). The vector was then trans­
formed into E. coli CJ236 {dut, ung) to produce uracil-containing single-stranded DNA to 
be used as the template in site-directed mutagenesis. The following mutagenic 
oligonucleotide primers were synthesized at the Iowa State University Nucleic Acid Facility: 
5'-GGT CTC GGT GAG CCC AGG TTC AAT GTC GAT-3' (Lysl08->Arg), 5'-GGT CTC 
GGT GAG CCC ATG TTC AAT GTC GAT-3' (LyslOS ^Met), 5'-TAC CCT GAG GAC 
ACG TAC AAC GGC AAC GGC AAC TCG CAG GGC AAC CCG TGG TTC CTG 
TGC-3' (311-314 Loop) and 5'-GAG GAC ACG TAC TGG AAC GGC AAC CCG-3' 
(Tyr312-»Trp), the bold letters indicating the changed or added nucleotides. All mutations 
were verified by DNA sequencing. The mutated GA cDNAs were subcloned into YEpPMlS 
and then transformed into S. cerevisiae C468 as previously described (Chen et al., 1994a). 
Construction of the Glyl37->Ala (Chen et al., 1996), SS, Ala27->Pro, Ser436—>PTO (Li er 
al., 1997,1998) and Ser30->Pro (AUen et al., 1998) GAs is described separately. 
Protein electrophoresis 
Soluble extracellular fractions of 5-d yeast cultures from 5-L fennentations of wild-type 
and Lysl08-»Met GAs were concentrated 500-fold by ultrafiltration, added to 2X SDS-
PAGE buffer, and heated at 95°C for 5 min. The samples were subjected to SDS-PAGE on a 
1-mm thick 10% gel at 60 V for 5 h along with high molecular weight markers, followed by 
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staining with Coomassie Brilliant Blue R for 20 min and by destaining with distilled water 
for 24 h. The resulting gels were transferred onto a 0.2-nim nitrocellulose membrane with a 
Bio-Rad Trans-Blot SD semi-dry transfer ceU. 
Irreversible thermoinactivation 
GAs (0.475 ^M) were incubated in 0.05 M NaOAc buffer, pH 4.4, at 70°C for 12 min 
Samples were taken at 2-min intervals, quickly chilled on ice, and then stored at 4°C for 24 h 
before being subjected to residual activity assay at 35°C. Enzyme activity was determined 
with 0.117 M maltose in the same buffer. Seven samples were taken at 7-min intervals and 
added to 0.4 volume of 4 M Tris-HCl buffer, pH 7.0, to stop the reaction. The resulting glu­
cose was measured by the glucose oxidase method (Rabbo and Terkildsen, 1960). 
Results 
Thermoinactivation 
Wild-type, Lysl08->Arg, 311-314 Loop and Tyr312-»Trp GAs followed first-order 
decay kinetics, as have all previous mutant GAs tested for thermostability (Chen et al., 
1994a,b, 1995,1996; Li et aL, 1997,1998; Allen et al., 1998), with rate coefBcients at 70°C 
of0.036,0.073,0.075 and 0.053 min-i, respectively. Except for Ala27—^Pro, other mutant 
GAs studied here were more thermostable than wild-type GA (Chen et al., 1996; Li et al., 
1997,1998; Allen era/., 1998). 
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Enzyme kinetics 
After expression from yeast colonies, Lysl08-^Met GA produced no starch-clearing halo 
on an SD + ffis + 1% soluble starch plate. It yielded no detectable activity in the supernatant 
of a yeast fermentation broth after specific activity assay with 4% maltose. Lysl08->-Met GA 
gave a band with 1/3 the intensity of wild-type GA after submitting the concentrated 
supematants to 10% SDS-PAGE. The mutated GA did not bind to an acarbose-Sepharose 
affinity column, since no detectable peak was observed by ultraviolet adsorption at 280 nm at 
the retention time characteristic of GA after elution by 1.7 M Tris-HCl at pH 8.0. Therefore 
this mutated GA was not studied ftnther. 
Specific activities of wild-type, LyslOS-^Arg, 311-314 Loop andTyr312->Trp GAs 
were 15.5,11.5, 9.07 and 11.9 KJ/mg, respectively, determined by 4% (w/v) maltose in 0.05 
M NaOAc buffer at 45°C, pH 4.4. AU other mutant GAs studied here except Ala27—>>Pro had 
about the same or greater specific activities than wild-type GA (Chen et ah, 1996; Allen et 
al., 1998; Li etal., 1997,1998). 
Values of and Kyi for the hydrolysis of G2 to G7 in 0.05 M NaOAc buffer, pH 4.4, at 
45°C are given in Table I for wild-type, SS, Lysl08->Arg, 311-314 Loop and Tyr312->-Trp 
GAs. Values of ^ increased quickly with increasing DP fixim G2 to G4 and more slowly 
thereafter, while those of followed the opposite pattern, as found previously (Hiromi et 
al., 1973). hi general values at different DPs were roughly the same for SS GA but lower 
for Lysl08->Arg, 311-314 Loop and Tyr312-»Tip GAs than for wild-type GA. Values of 
Kia were higher than wild-type GA for Lysl08->Arg GA, lower for 311-314 Loop GA, and 
about the same for SS and Tyr312->Trp GAs. These results led to lower catalytic 
Table I. Kinetic parameters of wild-type and mutant GAs for hydrolysis of iGi and G2-G7 at 45°C in 0.05 M NaOAc buffer, pH 4.4 
GA form iG2 G2 G3 G4 G5 Gs G7 
Wild-type 
^cat(s-') 0.830±0.032 18.6±0.4® 50.8±0.6 67.5±1.9 61.5±0.3 65.9±1.2 81.5±1.8 
/:M(mM) 27.0±2.0 1.09±0.08 0.353±0.013 0.239±0.017 0.094±0.002 0.098±0.007 0.136±0.009 
W^M(s-'mM-') 0.031±0.002 17.1±0.9 144±4 282±13 653±10 671±36 599±27 
Selectivity ratio '^SSO 
SS 
/tcat(s-') 0.683±0.022 20.7±0.6 40.8±0.9 72.1±1.3 76.5±0.8 76.4±2.i 71.8±0.6 
/:M(mM) 24.6±2.4 1.16±0.10 0.394±0.025 0.217±0.01I 0.132±0.005 0.184±0.015 0.114±0.003 
itcat/^M(s-'mM-') 0.028±0.002 17.8±1.1 104±5 331±12 579±16 414±26 632±15 
Selectivity ratio 640 
Table 1 (continued). 
A(AG)'=(kJmol-') 0.27 -0.10 0.88 -0.42 0.32 1.28 -0.14 
Lysl08->Arg 
itcat(s-') 1.55±0.02 17.3±0.5 32.6±0.9 46.6±1.6 51.7±1.4 55.2±1.4 86.2±3.1 
^M(mM) 16.2±0.8 1.52±0.11 0.570±0.038 0.383±0.029 0.307±0.019 0.276±0.016 0.481±0.031 
W^M(s-'mM-') 0.096±0.003 11.4±0.6 57.2±2.5 122±5 168±6 200±8 179±6 
Selectivity ratio 120 
A(AG)(kJmor') -2.99 0.92 2.10 1.91 3.08 2.75 2.74 
311-314 Loop 
^cat(s-') 0.243±0.005 14.7±0.3 25.9±0.6 34.1±0.8 43.0±0.6 41.4±0.8 41.9±0.7 
/:M(mM) 15.9±1.3 0.738±0.055 0.234±0.019 0.114±0.008 0.072±0.004 0.064±0.005 0.083±0.005 
W/^M(s-'inM-') 0.015±0.001 20.0±1.2 111±7 300±17 598±28 642±47 506±25 
Selectivity ratio 1300 
Table 1 (continued). 
A(AG) (kJ mol-') 1.92 -0.35 0.60 -0.14 0.20 0.10 0.38 
Tyr312->Trp 
/rcat(s-') 0.532±0.017 17.2±0.3 36.8±0.9 50.7±0.9 50.7±0.8 56.0±0.8 63.3±0.6 
/:M(mM) 22.9±2.2 0.940±0.059 0.343±0.028 0.193±0.010 0.100±0.006 0.108±0.005 0.103±0.003 
W^M(s-'mM-') 0.023±0.002 18.3±0.90 107±6 262±9 508±22 519±20 617±1 
Selectivity ratio 800 
A(AG)(kJmol-') 0.79 -0.16 0.67 0.17 0.57 0.58 -0.07 
"Standard error 
''Selectivity ratio: [A:cat/^M (G2)]/[^cat/^M (iG2)] 
'^A(AG) = -/f71n[(A:cat/^M)mui/(^cat/^M)wt] (Wilkinson et al., 1983) 
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efSciencies than wild-type GA for LysI08-^Arg GA and approximately the same values for 
the other mutated GAs. The resulting transition-state energies, A(AG), used to estimate bind­
ing strength of the enzyme-substrate complex in the transition state, were positive for 
substrates of all DPs for Lysl08->Arg GA and were both positive and negative, but always 
small, for the other mutated GAs. 
Table I also shows kinetic values for iG2 hydrolysis by the same GAs. All GAs had 
drastically lower and drastically higher Kyi values than with G2, as previously found 
(Meagher et al., 1989). SS, 3II -314 Loop and Tyr312—»Trp GAs had lower values of kcaz on 
iG2 than did wild-tj'pe GA, while Lysl08—>Arg GA had a much higher value. All four 
mutant GAs had lower ATm values. This led to higher catalytic efiBciencies on iGi for 
Lys 108—>'Arg GA and lower values for the other three mutant GAs, especially 311-314 Loop 
GA, compared to wild-type GA. Ratios of the catalytic efficiency for G2 to that for iGi were 
higher than those for wild-type GA for 311-314 Loop and Tyr312—>Trp GAs, about the same 
for SS GA, and much lower for Lysl08-»Arg GA. 
Maltodextrin hydrolysis 
Figures 3-5 show the results of 30% (w/v) DE 10 maltodextrin hydrolyses at 35, 45 and 
55°C, respectively, with 1.98 piM GA. Panel a) here and in later figures has data for wild-type 
GA and those mutant GAs constructed first in this work; panel b) here and later has data for 
wild-type GA and those mutant GAs meant to increase GA thermostability. Data (not shown) 
forDE 18 andDE25 maltodextrins are similar. SS and 311-314 Loop GAs had the highest 
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Figure 3 (a). Glucose formation during the incubation at 35°C of 30% (w/v) DE 10 
maltodextrin with 1.98 nM GA in 0.05 M NaOAc buffer, pH 4.4 for wild-type 
(O, ), Lysl08->Arg (•, ), 311-314 Loop (A, ), and 
Tyr312^Trp (A, ) GAs. 
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Figure 3 (cont'd) (b). Glucose fonnation during the incubation at 35°C of 30% (w/v) DE 10 
maltodextrin with 1.98 nM GA in 0.05 M NaOAc buffer, pH 4.4, for 
wild-type (O, ), SS (•, ), Ala27->Pro (•, ), 
Ser30->Pro (V, ), GlylST-^Ala (•, • • ), and Ser436—•Pro 
(•, •• •• —) GAs. 
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Figure 4 (a). Glucose formation during the incubation at 45°C of 30% (w/v) DE 10 
maltodextrin with 1.98 joM GA in 0.05 M NaOAc buffer, pH 4.4, for wild-type 
(O, ), Lysl08->Arg (#, ), 311-314 Loop (A, ), and 
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Figure 4 (cont'd) (b). Glucose fonnation during the incubation at 45°C of 30% (w/v) DE 10 
maltodextrin with 1.98 nM GA in 0.05 M NaOAc buffer, pH 4.4, for 
wild-type (O, SS (•, ^), Ala27-^Pro (•, ), 
SerSO—>Pro (V, ), Glyl37->Ala (T, • • ^), and Ser436->Pro 
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Figure 5 (a). Glucose formation during the incubation at 55°C of 30% (w/v) DE 10 
maltodextrin with 1.98 {iM GA in 0.05 M NaOAc buffer, pH 4.4, for wild-type 
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Figure 5 (cont'd) (b). Glucose formatioii during the incubation at 55°C of 30% (w/v) DE 10 
maltodextrin with 1.98 nM GA in 0.05 M NaOAc buffer, pH 4.4, for 
wild-type (O, ^), SS (•, ^), Ala27->PTO (•, ), 
Ser30->Pro (V, ), Glyl37-^Ala (T, • • ), and Ser436->Pro 
(•, •• •• ) GAs. 
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concentratioii decreased after reaching maximal values because of conversion to oligo­
saccharides, especially at higher temperatures. Initial glucose formation rates appear in Table 
n. They were generally lowest for 311-314 Loop GA because its specific activity with 4% 
(w/v) maltose substrate was only 60% that of wild-type GA. Thermostable mutant GAs 
generally had higher initial glucose formation rates than wild-type GA, while thermosensitive 
GAs had lower rates, hiitial glucose formation rates often slightly increased with increasing 
substrate DE. Activation energies of initial rates from 35 to 55°C were averaged over the 
three maltodextrin substrates, since there was no significant difference between substrates. 
They were 66, 77, 77, 78, 79, 79, 83, 85, and 92 kJ/mol for Lysl08->Arg, SS, Ser436-)-Pro, 
Ala27->-Pro, Glyl37->Ala, Tyr312->Trp, Ser30->'Pro, wild-type, and 311-314 Loop GAs, 
respectively, averaging 80 kJ/mol. Activation energies for energies for only the first and last 
GAs differed firom each other by more than the 95% level of confidence, suggesting that 
these two GAs may have undergone more significant active-site conformational changes than 
the other mutant GAs. 
Glucose condensation reactions 
Formation of iGz firom condensation of 30% (w/v) glucose at 35,45 and 55°C with 1.98 
|iM GA is shown in Figures 6-8. Initial rates were obtained by fitting iG2 concentration vs. 
incubation time data to an a/{b +1) curve, a and b being adjustable parameters, db being 
initial rate, and t being incubation time, and appear in Table n. SS and 311-314 Loop GAs 
had the lowest initial rates at all three reaction temperatures, while Lysl08->Arg and 
Ala27-»Pro GAs had the highest initial rates. Activation energies were 40, 55, 61, 62,66, 69, 
Table II. Initial rates of glucose and isomaltose formation in the hydrolysis of 30% (w/v) maltodextrins and condensation 
of 30% (w/v) glucose, respectively, and their relative ratios for wild-type and mutant OAs at 35,45, and 55"C. 
Initial rates (mol/mol GA s) 
Glucose iG2 X 10^ (Initial rate iG2/Initial rate glucose) x 10^ 
GAform DE10 DE18 DE25 DE 10 DE 18 DE25 
35°C 
Wild-type 32.8 ± 1.4° 36.3 ± 1.6 38.6 ±2.1 15.2 ±0.5 0.46 0.42 0.39 
SS 48.1 ±2.2 47.9 ± 2.4 46.8 ±2.9 7.07 ± 0.33 0.15 0.15 0.15 
Ala27->Pro 41.4 ± 1.9 45.4 ±2.3 46.4 ±3.5 43.7 ± 1.9 1.06 0.96 0.94 
Ser30->Pro 39.7 ± 1.8 46.1 ±2.6 46.3 ± 3.4 22.9 ±0.8 0.58 0.50 0.49 
Lysl08-^Arg 32.6 ± 1.6 34.5 ± 2.0 34.1 ± 1.9 50.9 ± 1.9 1.56 1.48 1.49 
Glyl37-^Ala 44.9 ± 2.3 48.6 ± 2.7 49.2 ± 3.3 19.1 ±0.7 0.43 0.39 0.39 
311-314 Loop 20.9 ± 1.1 23.9 ± 1.3 24.6 ± 1.7 6.71 ±0.24 0.32 0.28 0.27 
Table II (continued). 
Tyr312-»Trp 26.9 ± 1.4 31.2± 1.9 33.1 ±2.0 
Ser436->Pro 45.1 ±2.6 53.3 ±3.3 55.5 ±4.2 
45''C 
Wild-type 101 ±5 102 ±5 98.7 ±5.3 
SS 129 ±6 125 ±5 110±6 
Ala27-»Pro 99.5 ± 5.3 95.8 ±4.8 93.2 ±5.8 
Ser30->Pro 98.8 ± 5.4 107 ±5 119±6 
Lysl08->Arg 77.1 ±4.3 77.3 ±4.2 76.7 ± 5.3 
Glyl37->Ala 102 ±6 110±5 112±7 
311-314 Loop 61.2 ±3.8 68.4 ±3.4 70.3 ±5.1 
Tyr312^Trp 78.4 ±4.5 80.3 ± 4.7 81.6 ±5.5 
Ser436-^Pro 87.9 ± 5.3 125 ±7 I13±7 
15.5 ±0.6 0.58 
47.5 ±1.8 1.05 
39.6 ±2.9 0.39 
16.4 ±1.0 0.13 
79.2 ± 4.2 0.80 
51.0 ±2.2 0.52 
85.5 ±4.7 1.11 
30.7 ±1.8 0.30 
14.6 ±1.1 0.24 
34.3 ±1.8 0.44 
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284 ± 20 
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325 ± 23 




129 ±7 0.54 0.50 0.41 
32.4± 2.7 0.13 0.11 0.11 
163 ±9 0.63 0.54 0.55 
119±6 0.42 0.36 0.34 
216± 14 1.42 1.30 1.27 
83.4 ±5.4 0.29 0.25 0.26 
49.5 ± 2.7 0.26 0.24 0.22 
117±7 0.69 0.55 0.54 
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Figure 6 (a). Formation of iG2 dziring incubation at 35°C of 30% (w/v) glucose with wild-























Figure 6 (cont'd) (b). Fonnation of iG2 during incubation at 35°C of 30% (w/v) glucose with 
wild-type (O, ), SS (•, ), Ala27^Pro (•, ), 
Ser30->Pro (V, ), GIyl37^Ala (•, • • ), and Ser436->Pro 
(•, •• •• ) GAs. 
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Figure 7 (a). Formation of iG2 during incubation at 45°C of 30% (w/v) glucose with wild-





















Figure 7 (cont'd) (b). Formation of iG2 during incubation at 45°C of 30% (w/v) glucose with 
wild-type (O, ), SS (•, ^), Ala27->^Pro (•, ), 
Ser30->Pro (V, ), Glyl37-)>Ala (T, • • ), and Ser436->Pro 
(•, - •• ^)GAs. 
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Figure 8 (a). Formation of iGi during incubation at 55°C of 30% (w/v) glucose with wild-
type (O, ^), Lysl08-)-Arg (•, ), 311-314 Loop (A, ), and 
















Figure 8 (cont'd) (b). Fonnation of iGi duiing incubation at 55°C of 30% (w/v) glucose with 
wild-type (O, ^), SS (•, ^), AIa27->>Pro (•, ), 
Ser30->Pro (V, ), GIyl37^Ala (•, • • ), and Ser436^Pro 
(•, •• •• )GAs. 
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84, 85 and 90 kJ/mol for Ser436-^Pro, AIa27^Pro, LyslOS-^Arg, Glyl37->Ala, SS, 
Ser30->Pro, 311-317 Loop, Tyr312->Trp and wild-type GAs, respectively. The activation 
energies of the second through fifth GAs differed fixjm those of the first GA and last three 
GAs by more than the 95% confidence level. Except for the latter two GAs, activation ener­
gies for iG2 formation were less than those for G2 hydrolysis, with significant differences 
between the two activation energies for Ala27->-Pro, Ser30—>Pro, Glyl37 -•Ala and 
Ser436->Pro GAs. 
Selectivity for a~l,6-linked product synthesis versus a-l,4'linked substrate hydrolysis 
The ratio of the initial rate of iGz formation by condensation of 30% glucose to that of 
glucose formation fix)m 30% DE 10, 18 and 25 maltodextrin hydrolysis was taken to estimate 
the selectivity for a-l,6-linked product synthesis over a-l,4-linked substrate hydrolysis 
(Table H). LyslOS—>Arg and SS GAs had the highest and lowest ratios, respectively, among 
wild-type and mutant GAs at all reaction temperatures. The 311-314 Loop GA also had low 
ratios, as did Glyl37->-Ala GA at 45 and 55°C. These results can be compared to the ratios of 
catalytic efficiencies of Gz to those of iOz, where 311-314 Loop GA had the highest value, 
Lysl08->Arg GA had the lowest, and SS and Tyr312->Trp GAs had values similar to wild-
type GA. 
Discussion 
GA has been mutated often to determine the effect of important residues around the 
active site on catalytic mechanism and selectivity (Sierks e/ a/., 1989,1990, 1993; Sierks and 
Svensson, 1992,1994, 1996; Bakirera/., 1993; Olseneta/., 1993; Frandseneta/., 1995, 
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1996; Svensson et al., 1995; Chiistensen et al., 1996; Fierobe et al., 1996; Stoffer et ai, 
1997), but all previous articles described GA selectivity based on changes of and Ki/i for 
substrate hydrolysis. Initial rates of glucose and iGi formation and peak glucose yields firom 
mutated OAs were not measured until Fang et al. (1998a,b) smdied high-concentration glu­
cose condensation and maltodextrin hydrolysis reactions, bi the present work, we used their 
strategy on newly designed mutant GAs and on those derived from earlier thermostability 
studies. 
SS GA had initial rates of iG2 formation 25-50% those of wild-type GA, even though 
initial glucose formation rates increased. Among the GAs tested here, SS GA is the only one 
whose mutation introduced a covalent bond. This may have made the enzyme even more 
rigid and restricted its natural flexing action, favoring the a-1,4 over the a-1,6 substrate 
binding conformation. 
Introduction of unfavorable contacts between the Pro pyrrolidine ring and neighboring 
groups, such as the N atoms of V{U29 and SerSO, by the Ala27->^Pro mutation resulted in de­
creased GA thermostability (Li et al, 1997). The mutation yields incompatible (p and y/ 
angles, and a less well packed GA may have favored formation and hydrolysis of a-1,6-
linked substrates, reducing glucose yield. 
Ser30->Pro GA produced comparatively fewer a-1,6 bonds at increased temperatures, 
suggesting that introduction of a Pro residue at the second position of a type U P-tum in this 
region causes an entropy change not only to reduce conformational unfolding, but also to 
favor the a-1,4 binding mode at the active site. 
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LyslOS—>Arg GA had higher initial rate ratios for iGi formation over glucose formation 
than any other GA at all temperatures and with all maltodextrin substrates (Table II), leading 
to up to 4% decreases in peak glucose yields compared to wild-type GA (Figure 7). It has 
only 75% the specific activity of wild-type GA. Our aim in replacing LyslOS by Arg was to 
make a stronger hydrogen bonding bridge with the 6-OH of the reducing residue of G2 
through a water molecule (Coutinho and Reilly, 1994a) to stabilize the GA-G2 complex, 
since Arg has more surface charge at pH 4.4 than Lys due to its strongly protonated 6-
guanido group. The LyslOS—> Arg mutation instead increased binding affinity of the a-1,6-
linked iGj compared to wild-type GA LyslOS is involved in the enzyme-substrate complex 
in the conserved segment between helices 3 and 4 containing three invariant residues, 
Trpl20, Glnl24 and Asp 126 (Coutinho and Reilly, 1994a). The Trpl20 loop region plays an 
important role in directing conformational changes controlling the postulated rate-limiting 
product release step from maltooUgosaccharide hydrolysis (Natarajan and Sierks, 1996). 
Trpl20 is the key residue in stabilizing the transition-state structure (Sierks et al., 1989). The 
LyslOS—)• Arg mutation may push the Trpl20 loop to the catalytic center, restricting glucose 
release and causing it to become a competitive substrate. This would lead to iG2 synthesis 
instead of maltooligodextrin hydrolysis. On the other hand, the surface charge in the GA-Gi 
complex introduced by this mutation may cause destabilization by rearrangement of the un­
balanced charge in the transition state. The same pressure on Trpl20 may also perturb 
binding of the nonreducing end of maltose at subsite +1 while limiting movement of the 
nonreducing end of the more flexible and solvent-exposed iG2 (Coutinho et al., 1997a,b), 
facilitating its hydrolysis. 
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Complexes of GA with different inhibitors suggest that the 6-OH group of the residue at 
subsite +1 projects into a void large enough to accommodate an additional glucosyl residue 
(Aleshin et aL, 1994a), especially when it is linked through an a-l,6-branch from the former 
residue (Aleshin and Honzatko, personal communication, 1995). This has been recently 
modeled by substrate docking (Coutinho et aL, 1997c). Since LyslOS is in an extended 
conformation within this void, the Lysl08-)-Arg mutation would impact significantly on the 
binding of this branched glucosyl ring without seriously altering the electrostatic charge of 
GA. This hypothesis strongly agrees with experimental results from the present work 
showing that Lysl08-)-Arg GA favors a-1,6 bond hydrolysis and formation much more than 
does wild-type GA. Also, at high glucose concentrations glucose molecules are more likely 
to be present at both subsites -1 and +1, allowing Glul79 to serve as a catalytic base in 
abstracting a proton from a hydroxyl group of the glucose residue in subsite +1. The activated 
hydroxyl group would then displace the 1-OH of p-D-glucose at subsite -1, with Glu400 
acting as the catalytic acid in this synthetic reaction. Generally, wild-type GA cannot spec­
ifically recognize the orientations of the different OH groups in the glucosyl residue at 
subsite +1, maltose binding better because of a hydrophobic interaction with the hydroxy-
methyl group found there (Coutinho et al., 1997b). However, with the 6-OH group projecting 
into the void described above and with the electrostatic effect caused by the Lysl08-^Arg 
GA mutation, it is more likely for this mutant GA to form an a-l,6-branched product like iGi 
rather than other disacchaiides. 
The observations that Lysl08->Met GA 1) formed no halos on starch plates after 
expression from yeast colonies, 2) had no detectable activity in concentrated fermentation 
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culture supematants, 3) formed a GA band with 1/3 the intensity of wild-type GA on 10% 
SDS-PAGE gel, and 4) could not be purified by acarbose-Sepharose affinity chromatography 
suggest that this mutated GA is expressed in an inactive form because a positively charged 
residue at position 108 may be essential to activate Glul79. MetlOS, having no side-chain 
surface charge and being nonpolar and relatively unreactive, cannot form hydrogen bonds 
with substrates or activate Glul79. The mutated GA cannot be separated by an acarbose-
Sepharose column because no salt link can be formed between the amino linkage of acarbose 
and the catalytic acid Glul79. 
These two mutations demonstrate that changing LyslOS strongly affects GA. Removing 
its surface charge yields a GA that does not bind substrates and therefore totally loses 
activity, while increasing its surface charge favors a-1,6 bond synthesis over a-1,4 bond 
hydrolysis. LyslOS is not only important for helping to retain active-site conformation for 
substrate binding but can also have a specific role in hydrolysis. 
Glyl37 is located in the middle of a-helix 4, which is part of the inner ring of the a,a-
barrel around the active site. The Glyl37->Ala mutation increased GA thermostability by 
strengthening this a-helix and preventing the catalytic domain from unfolding (Qien et ai, 
1996). Even though Glyl37 is not directly involved in catalysis or substrate binding, the 
strong stabilization of this helix by Ala residue substitution has made the conformational 
adjustment aroimd the catalytic cavity disfavor a-l,6-Iinked substrate formation, especieilly at 
higher temperatures. This results in higher glucose yields for this mutant GA than for wild-
type GA. 
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The mutation giving 311-314 Loop GA decreased specific activity by about 40%, with 
ratios of initial rates of iGi formation to those of glucose formation about 50-70% those of 
wild-type GA. Introducing a long sequence into the active-site environment increases the 
binding affinity for both a-1,4- and a-l,6-Iinked substrates because the conformational 
change may reduce the binding energies required to form the enzyme-substrate complex. This 
allows the substrate to progress into subsite -1 more easily while undergoing a slow 
unimolecular enzyme-substrate complex migration step. A "dead-end pocket" model of the 
GA active site was proposed based on X-ray structural studies, suggesting that water 
displacement from subsite -1, where a cluster of sevoi water molecules exists in the absence 
of substrate, is a crucial step in the GA catalytic mechanism (Aleshki et al., 1994). The 
conforaiational change by the 311-314 Loop mutation may also help to accommodate the 
simultaneous transport of water molecules as the substrate enters in or product diffiises from 
subsite -1. Product release after hydrolysis, the proposed rate-limiting step for maltooUgo-
saccharide hydrolysis (Kitahata et al., 1981; Sieiics and Svensson, 1996; Natarajan and 
Sierks, 1996; Sierks et ai, 1997), may be relatively easier and faster than from wild-type GA 
because of the bigger loop introduced around the active site, and this may make iG2 synthesis 
less likely. The 311-314 Loop GA is less thermostable than most other GAs, so it is of 
interest to combine this mutation with another conferring thermostabihty, assuming that 
mutational effects will be additive (Matsumura et al., 1986; Wells, 1990). 
Tyr312->-Trp GA was made to study the importance of the Tyr311-Glu400-Tyr48 
hydrogen-bond network on substrate afBnity without destroying it. The indole side chain of 
Trp is bigger and stiffer than the Tyr side chain while both side chains are aromatic, so a 
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Tyr312—>^Trp mutation is a good choice to make this hydrogen-bond networic narrower and to 
form a stronger affinity with substrates. Tyr312->-Trp GA had slightly higher ratios of initial 
rates of iG2 formation to that of glucose formation (Table II), with peak glucose yields about 
0.5% lower, 0.4% higher, and 2% higher than wild-type GA at 35,45 and 55°C, respectively 
(Figures 9-11). 
Ser436->'Pro had a lower initial rate ratio for iG2 formation over glucose formation than 
wild-type GA and had an increased glucose yield only at 55°C. The space-filling effect 
engendered by inserting the Pro rigid backbone into a random coil in a packing void of un­
known fimction causes more hydrophobic interaction at higher temperatures, thus reducing 
the conformational entropy of unfolding. This entropy decrease helps GA to make a 
conformational adjustment favoring a-l,4-linked substrate, the same as it did for Ser30->Pro 
mutant GA. 
Based on the results fix)m the above thermostable and thermosensitive mutant GAs, 
enzyme selectivity can be dramatically altered not only by mutations around the active site 
that directly involve catalytic or substrate-binding mechanisms, but also by mutations made 
away from the active site that may cause global entropy and conformational changes. A very 
dynamic view of GA selectivity is arising, not only from the mutated GAs studied here, but 
also from double-loop active-site mutations of Fierobe et a/. (1996). These results, coupled 
with the identification of GA folding units and their role in activity and thermostability 
(Coutinho and Reilly, 1997; Li et al, 1997) may lead to a new approach in designing more 
industrially effective GAs. 
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Figure 9. Peak glucose yield vs. (initial rate of iGi fonnation/initial rate of glucose 
fonnation) at 35°C with 1.98 pM GA in 0.05 M NaOAc buffer, pH 4.4. DE 10 (O, 
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Figure 10. Peak glucose yield vs. (initial rate of iG2 formation/initial rate of glucose 
formation) at 45°C with 1.98 jiM GA in 0.05 M NaOAc buffer, pH 4.4. DE 10 
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Figure 11. Peak glucose yield vs. (initial rate of iG2 formation/imtial rate of glucose 
formation) at 55°C with 1.98 fiM GA in 0.05 M NaOAc buffer, pH 4.4. DE 10 
(O, ^), DE 18 (A, —), and DE 25 (•, ) maltodextrins. Results for 
Lysl08-»Arg GA for these parameters: DE 10: 91.0%, 1.38; DE 18: 92.3%, 1.64; 
DE 25: 1.21, 95.0%. 
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The increased magnitude of transition-state energy associated with a loss of a hydrogen 
bond between substrate and an uncharged group is about 2.1-6.3 kJ/mol, while that caused by 
loss of a hydrogen bond between substrate and a charged group is about 14.6-18.8 kJ/moI 
(Fersht et a/., 1985). Lysl08->-Arg GA had the highest transition-state energies for all the a-
1,4-linked substrates (0.9 to 3.1 kJ/mol), with that for iGi being negative (-3.0 kJ/mol), 
meaning that the higher surface charge introduced by this mutation destabilizes GA-
maltooligosaccharide complexes due to the redistribution of the unbalanced charge of this 
complex, while it stabilizes the GA-iG2 complex because of the tighter hydrogen bonding in 
the transition state. However, no hydrogen bond is formed or destroyed by this mutation. The 
small A(AG) values for all the other mutant GAs (-0.4 to 1.9 kJ/mol) indicate that their 
mutations cause only minor effects on substrate binding in the transition state. 
With one exception, Tyr312—>Trp GA, only those mutated GAs with very low 
(Lysl08->Arg GA) and very high (311-314 Loop GA) activation energies for iGi formation 
were located around the active site. This suggests that the activation energy can be affected 
differently by the mutations located near or distant from the active site. Most of the mutations 
in this work decreased the activation energy for the condensation reaction to a greater degree 
than for the hydrolysis reaction, with the largest differences between the two being caused by 
mutations substituting Pro and Ala residues. 
The hypothesis that decreasing the ability of GA to synthesize iG2 would increase the 
glucose yield was proved by Fang et al. (1998a,b). hi this study, we have also proved this hy­
pothesis at 35,45 and 55''C with a different group of mutated GAs. Figures 9-11 demonstrate 
an inverse relationship between peak glucose yields and relative initial rate ratios for iG2 
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fonnation over glucose fonnation. Mutant GAs that favor iG2 formation have peak glucose 
yields that are usually higher with DE 18 and DE 25 maltodextrins than with DE 10 
maltodextrin (Figures 9-11), opposite to that observed with native GA (Lee et ai, 1976) and 
often with mutant GAs with low ratios of initial rate of iG2 formation to that of glucose 
formation. Because of the single-chain hydrolysis mechanism of GA, it takes more time for 
longer glucosyl chains to be degraded into glucose than shorter ones. Even though there are 2 
1/2 times as many chains to be degraded in DE 25 maltodextrin as there are in DE 10 
maltodextrin, there are 1/5 to 1/6 fewer glucosidic bonds in the glucosyl chains to be digested 
in DE 25 maltodextrin than in DE 10 maltodextrin of the same mass concentration. The 
initial rates for DE 25 maltodextrin hydrolysis are often substantially higher than for DE 10 
maltodextrin, but with no significant difference between them at high substrate concentration 
even though the catalytic efiBciency is higher for longer DP substrates than for shorter ones at 
low substrate concentrations. The higher initial glucose concentration in DE 25 maltodextrin 
(7.4% compared to 0.6 and 0.9% in DE 10 and DE 18 maltodextrins, respectively) allows the 
peak glucose yield to be reached about 18-24 h faster and higher for DE 25 than for DE 10 
and 18 maltodextrins. The is especially true for those mutant GAs that favor iGi formation 
because the iG2 formation is already very significant in the 18-24 h interval before glucose 
yield reaches its peak, thus decreasing the mavimal peak attainable. 
Table II shows that different reaction temperatures result in different selectivities for 
mutant and wild-type GAs. For instance, the ratio of initial rate of glucose formation to that 
of iG2 formation for Ser436->Pro GA is much higher that that of wild-type GA at SS'C, 
while it is lower at 55''C. Also, glucose yields tended to decrease with increasing temperature 
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for wild-type and most mutant GAs. This result agrees with the catalytic efficiency ratios 
calculated by Coutinho (1996) from literature data on^. awamorilA. niger GA, in which 
ratios of rates of iGi synthesis to those of G2 hydrolysis increased with increasing 
temperature while ratios of rates for maltooligosaccharide hydrolj^s to those of G2 
hydrolysis decreased. 
Three thermostable mutant GAs studied here, SS, Glyl37-»Ala (at 45 and 55°C) and 
Ser436 —>Pro (at 55®C) GAs, had better selectivity for a-1,4 bonds than wild-type GA, while 
one, Ser436 ->Pro GA (at 35 and 45°C) had more selectivity for a-1,6 bonds, and one, 
Ser30—>Pro GA, had about the same selectivity. On the other hand, one thermosensitive 
mutant GA, 311-314 Loop GA, had better selectivity for a-1,4 bonds, while two, Ala27->Pro 
and Lysl08->Arg GAs, had better selectivity for a-1,6 bonds, and one, Tyr312->Trp GA, 
had about the same selectivity as wild-type GA. Even though we found no general correlation 
between thermostability and substrate specificity, thermostable mutants in the most 
hydrophobic folding unit (Coutinho and Reilly, 1997) tend to have a positive role in reducing 
the a-l,6-activity of GA, the reverse being observed for thermosensitive mutants. 
In the most hydrophobic folding unit, the region between the C-terminus of a-helix 1 and 
the following extended loop between a-helices 1 and 2 appears to be critical for irreversible 
thermoinactivation based on mutational analysis (AUen et al., 1998; Li et al., 1997,1998). 
Analysis of the GA models also shows that this extended loop is located on the surfece of 
catalytic domain and is somewhat thermolabile. It is of great potential in the future to 
investigate the contribution of this region to thermostability and selectivity by more single, 
combined, or deletion mutation studies. 
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In summaiy, we have successfully reduced iG2 formation in the glucose condensation 
reaction and therefore increased glucose yield by the SS and 311-314 Loop mutations and in 
part with the Glyl37->Ala mutation. We also have proved by the Lysl08->Met and 
Lysl08-)-Arg mutations that conserved residue LyslOS is important in both catalytic 
mechanism and substrate binding. The goal to form a narrower Glu400-Tyr48-Tyr311 hydro­
gen-bond network through the Tyr312->Trp mutation has also been achieved here. SS GA is 
the best mutant GA so far constructed to increase both thermostability and glucose yield. 
Temperature plays an important role in maltodextrin hydrolysis by GA, with glucose yields 
being higher and relative iG2 formation rates being lower at lower temperatures. 
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MUTATIONS TO ALTEKASPERGILLUSAWAMORI 
GLUCOAMYLASE SELECTIVITY. IV. COMBINATIONS OF 
ASN20->CYS/ALA27^CYS, SER30^PRO, GLY137^ALA, 
SER411->ALA AND SER436^PRO 
A paper submitted to Protein Engineering 
Hsuan-Liang Liu, Clark Ford^ and Peter J. Reilly^ 
Department of Chemical EngineCTing, Iowa State University, Ames, lA 50011, USA 
Abstract 
Six previously constructed thermostable and active mutated Aspergillus awamori gluco-
amylases, Asn20—>Cys/Ala27—>Cys/Ser30->Pro [the first two of the three mutations forming 
a disulfide (SS) bond], SS/Glyl37^Ala, SS/Ser436->Pro, Ser30->Pro/Glyl37^Ala, 
Glyl37->Ala/Ser436->Pro and SS/Ser30->Pro/Glyl37->Ala, were tested for their selectiv­
ity to produce glucose along with the newly constructed, less stable, and less active 
SS/Ser411->Ala glucoamylase. Only SS/Ser436->Pro and Glyl37->Ala/Ser436->>Pro GAs 
have generally lower peak glucose yields than does wild-type GA while SS/Ser41 l->Ala 
glucoamylase has the lowest initial rates of glucose and isomaltose formation firom 30% 
(w/v) maltodextrin hydrolysis and 30% (w/v) glucose condensation reactions, respectively, 
but achieves the highest peak glucose yields firom maltodextrin hydrolysis. Multiple mutat­
ions cause cimiulative increases of glucose yield and specific activity. There is an inverse 
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linear correlation between peak glucose yields and ratios of initial rates of isomaltose form­
ation to those of glucose formation. Peak glucose yields decrease with increasing temperat­
ure. 
Keywords: additivity/glucoamylase/glucose yield/isomaltose/selectivity/site-directed 
mutagenesis 
Introdaction 
Glucoamylase [a-(l,4)-D-glucan glucohydrolase, EC 3.2.1.3, GA], one of the most wide­
ly used industrial enzymes, can not only hydrolyze a-l,4-glucosidic linkages from the non-
reducing ends of starch and related oligo- and polysaccharide chains, but also can much more 
slowly hydrolyze a,p-l,l-, a-1,2-, a-1,3- and a-l,6-glucosidic linkages (Hiromi et al., 
1966a,b; Meagher and Reilly, 1989). GA also synthesizes the same bonds at high glucose 
concentrations, obeying the law of microscopic reversibility (Pazur and Okada, 1967; Hehre 
et aL, 1969; Watanabe et al., 1969a,b; Pazur et al., 1911 \ Nikolov et al., 1989). Production of 
isomaltose [a-D-glucopyranosyl-(l->6)-D-gIucose, iGi] and other di- and oligosaccharides 
limits glucose yields at high dissolved solids concentrations to about 95-96% of theoretical 
(Mkolov and Reilly, 1991; Teague and Brumm, 1992). 
This is the fourth of a series of articles reporting the ability of mutated Aspergillus 
awamoril Aspergillus niger GAs to increase glucose yields from hydrolysis of highly 
concentrated maltodextrin solutions. 
Fang et al. (1998a,b) constructed some mutations at positions not totally conserved 
around the GA active site. Tyrl 16—•Trp, Serl 19-^Gly, Serl 19-^Trp, Glyl21->Ala, 
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Arg241->Lys, Ser411 -J^Ala, Ser41 l->Gly and Glyl21->AIa/Ser41 l->Gly GAs all gave 
significantly higher glucose yields at 55°C than wild-type GA. They found an inverse cor­
relation between peak glucose yield and the ratio of the rate of glucose condensation to form 
iGz to the rate of maltodextrin hydrolysis to form glucose, but no direct correlation between 
glucose yields and ratios of catalytic efBciencies, k^KiA, for hydrolysis of maltose [a-D-
glucopyranosyl-(l->4)-D-glucose] to that of iGj. 
Liu et al. (1998) increased GA glucose yield by inserting a seven-residue loop between 
Tyr311 and GlyS 14 to alter the active site so that glucose was released from subsite -1 before 
subsite +1 was occupied by another glucose residue to form more disaccharides. They also 
increased glucose yield at higher temperatures by the TyrS I2^Trp mutation, which 
tightened the hydrogen bonding network between the catalytic base Glu400 and the invariant 
Tyr48. On the other hand, the LyslOS ->-Arg mutation gave significantly lower glucose 
yields than wild-type GA. 
Liu et al. (1998) also determined glucose yields of GAs originally mutated to increase 
their thermostabilities. The Asn20—>Cys/Ala27->Cys (SS) mutation, which creates a 
disulfide bond on the catalytic domain surface and stabilizes GA against unfolding, not only 
increased GA thamostability (Li et al, 1998) but also increased glucose yields at 35,45 and 
55°C compared to wild-type GA (Liu et al., 1998). The GlylST-^Ala mutation, which 
stiffened an a-helix to increase GA thermostability (Chen et al, 1996), led to higher glucose 
yields at higher temperatures (Liu et al., 1998). Two other previously constructed 
thermostable mutated GAs, SerSO—>Pro (Allen et al., 1998) and Ser436-»Pro (Li et ai. 
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1997), and one thermosensitive mutated GA, Ala27->Pro (Li et al., 1997), gave lower 
glucose yields than wild-type GA (Liu et al., 1997). 
In this article we report glucose yields firom maltodextrin hydrolysis catalyzed by the 
multiply-mutated SS/Ser30-^Pro, Ser30->Pro/Glyl37->Ala, SS/Ser30->Pro/Glyl37-)-Ala 
(Allen et al., 1998), SS/Glyl37->Ala, SS/Ser436->'Pro and Glyl37->Ala/Ser436-^Pro (Li et 
al, 1998) GAs. These mutations were made to increase GA thennostability, which was 
additive in all cases except SS/Ser436->^Pro GA (Allen et al., 1998; Li et al., 1998). The 
triple mutant SS/Ser30->Pro/Glyl37->Ala is the most stable GA yet produced (Allen et al., 
1998). 
We also constructed SS/Ser41 l->Ala GA and measured its glucose yield from 
maltodextrin hydrolysis. Ser41 l->Ala is one of a series of mutations constracted to increase 
GA optimal pH (Fang and Ford, 1998). It also substantially increased glucose yield (Fang et 
al., 1998a). However, this mutated GA has only about 60% the specific activity of wild-type 
GA with 4% maltose and has an initial rate of glucose formation from maltodextrin hydrol­
ysis only one-fourth that of wild-type GA because of the destruction of the hydrogen bond 
between Ser411 and the catalytic base Glu400 (Fang et al., 1998a). Furthermore, 
Ser41 l->Ala GA is more thermosensitive than wild-type GA. 
Of these mutated amino acid residues, Asn20 is the last residue of a-helix 1 in 
awamori var. XI00 GA (Aleshin et al., 1992), while Ala27 and Ser30 are both located in a 
type n P-tum at the second position on the ectended loop between the first and second a-
helices (Figure 1). Glyl37 is located in the middle of the fourth a-helix and Ser411 is located 
in a p-strand between a-heUces 12 and 13, while Ser436 is in a random coil in a packing void 
F'Sure 1. Three-dimensional view of A. awanion/A. niger GA, showing mutated residues. 
89 
of unknown function (Alesfain et aL, 1994). Of the above residues, only Ala27 and Ser30 are 
located in conserved regions, and neither of them is totally conserved (Coutinho and Reilly, 
1994a,b, 1997). 
Previous attempts to improve A. awamori/A. niger GA selectivity by the Serl 19—>^Tyr, 
Glyl83 -»Lys and Serl84-»His mutations, based on sequence homologies around the active 
site, led to 2.3- to 3.5-foId increased selectivities, defined as ratios of catalytic efBciencies, 
for maltose hydrolysis over iGz hydrolysis (Sierks and Svensson, 1994; Svensson et aL, 
1995). Later work led to the Trpl70-^Phe, Asnl71->Ser, G]nl72->'Asn, Tbrl73->Gly, 
Glyl74->Cys, Tyrl75-»Phe, Aspl76->Asn and ArgSOS-^Lys mutations (Frandsen et aL, 
1995; Christensen er a/., 1996; Stofiferera/., 1997). 
Materials and methods 
Methods for enzyme production and purification, protein concentration determination, 
30% (w/v) maltooligosaccharide hydrolysis and 30% (w/v) glucose condensation reactions 
were described by Fang et aL (1998a). Specific activities were measured as by Fang et aL 
(1998b). 
Materials 
Maltrin® MlOO, Ml80 and M250 maltodextrins, of DE 10,18 and 25, respectively, and 
with average degrees of polymerization of 10, 6 and 4, were donated by Grain Processing 
Corporation. Other materials were as in Fang et aL (1998a). 
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Mutation construction 
A short BamHL-Pstl firagment containing the SS mutation was ligated to a long 
Pstl fragment containing the Ser411-^Ala mutation. The two fragments were restriction-
digested from the ph^emid vectors pGEM7Z(+) and pALTER-I, respectively. The mutation 
was verified by DNA sequencing. The cDNA of the GA containing the multiple mutation 
was subcloned into yeast expression vector YEpPMlS and then transformed into 
Saccharomyces cerevisiae C468 as previously described (Chen et al., 1994a). The 
SS/Glyl37->'Ala, SS/Ser436->-Pro, Glyl37->Ala/Ser436 ->PTO (Li et al., 1998), 
SS/Ser30^Pro, Ser30—>-Pro/Glyl37->Ala and SS/Ser30—•Pro/Glyl37-)-Ala (Allen et al., 
1998) GAs were constructed earlier. 
Irreversible thermoinactivation 
Ser411-^Ala and SS/Ser41 l->Ala GAs were incubated in 0.05 M NaOAc at pH 4.5 
between 65 and 80°C at 2.5''C intervals. Thermoinactivation was first order as found previ­
ously (Chen ef a/., 1994a,b, 1995, 1996; Aliens?a/., 1998; Li etal., 1997, 1998). Irreversible 
thermoinactivation rate coefficients and transition-state free energies (AG*) were obtained as 
previously described (Chen et al., 1994a). The fimction AAG^ is the difference between AG* 




Table I shows the specific activities of mutated and wild-type GAs at 50°C and pH 4.5 
using 4% maltose as substrate. All multiply-mutated GAs have slightly higher specific 
activities than does wild-type GA except SS/Ser411->Ala GA, whose specific activity is 
about 70% that of wild-type GA. la addition, multiply-mutated GAs have specific activities 
equal to or greater than the averages of the specific activities of the GAs containing their 
individual mutations (Chen et ai, 1996; Li et al., 1997, 1998; Allen et al., 1998). 
Irreversible thermoinactivation 
Ser41 l->Ala and SS/Ser41 l->Ala GAs are less stable than wild-type GA. For 
Ser411—^Ala GA, AAG^ values are -2.7 and -1.8 kJ/mol at 65 and 15°C, respectively, while 
for SS/Ser41 l->Ala GA the corresponding AAG* values are -1.3 and -0.2 kJ/mol. 
Considering that SS GA has AAC?* values of 1.2 and 2.2 kJ/mol, AAG* values of GAs with 
multiple mutations can be approximately determined by adding the AAG* values of GAs 
containing their single mutations, as found earlier (Allen et al, 1998; Li et al, 1998). In 
addition, specific activities and thermostabilities in the GAs studied here are positively 
correlated. 
Maltodextrin hydrolysis 
Glucose formation firom 30% (w/v) DE 10 maltodextrin hydrolyses at 35,45 and 55°C 
with 1.98 GAs are shown in Figure 2. Data (not shown) for DE 18 and DE 25 
maltodextrin hydrolyses are similar. Peak glucose yields averaged over the three substrates 
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Table I. Specific activity of wild-type and multiple 
mutated GAs at 50°C and pH 4.5 using 4% 




Wild-type 20.6^ ±0.2^ 
SS 18.3^ ±0.7 
SerSO—>Pro 20.3''±0.9 
Glyl37^Ala 22.0*^ ±ND' 
Ser411—>Ala 12.4 ±0.5 
Ser436^Pro 15.9^± 1.0 
SS/Ser30->Pro 21.2" ±0.5 
SS/Glyl37->Ala 24.2^ ±0.8 
SS/Ser411-).AIa 14.9 ± 0.7 
SS/Ser436->Pro 22.5^ ±1.8 
Ser30—)-Pro/Gly 137->Ala 24.0" ±1.2 
Glyl37^Ala/Ser436^Pro 25.0^ ±0.9 




''Oien et al. (1996). 
®Not detennined. 
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Figure 2 (a). Glucose fonnation during the incubation of 30% (w/v) DE 10 maltodextrin 
with 1.98 jiM GA in 0.05 M NaOAc buffer, pH 4.4, at 35°C. GAs: wild-type 
(O, X SS/Ser30-^Pro (A, ), SS/GlyDT-J-Ala (•, ), 
SS/Ser411->Ala (V, ), SS/Ser436-^Pro (•, ), 
Ser30-^Pro/Glyl37^Ala (A, ), Glyl37->Ala/Ser436^Pro (•, _ 
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Figure 2 (cont'd) (b). Glucose formation during the incubation of 30% (w/v) DE 10 
maltodextrin with 1.98 |iM GA in 0.05 M NaOAc buffer, pH 4.4, at 
45°C. Symbols as in Figure 2 (a). 
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Figure 2 (cont'd) (c). Glucose fonnation during the incubation of 30% (w/v) DE 10 
maltodextrin with 1.98 fiM GA in 0.05 M NaOAc buffer, pH 4.4, at 
55°C. Symbols as in Figure 2 (a). 
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are shown in Table II. Of the GAs with multiple mutations, SS/Glyl37->>Ala and SS/Ser411 
-»Ala GAs have the highest peak glucose yields, while SS/Ser436-^Pro and Glyl37->Ala 
/Ser436—vPro GAs have the lowest yields. Glucose concentrations decrease after reaching 
their maximal values because of reverse reactions to form di- and oligosaccharides, especially 
at higher temperatures. 
Initial glucose formation rates appear in Table HI. All multiply-mutated GAs have higher 
rates than wild-type GA except for SS/Ser411-^Ala GA. There are few significant differ­
ences in initial glucose formation rates among DE 10, 18 and 25 maltodextrins. The average 
activation energy is 81 kJ/mol over different substrates and different mutated and wild-type 
GAs from 30% (w/v) maltodextiin hydrolyses from 35 to 55°C. Again there are no 
significant differences between different substrates. Activation energies for all multiple 
mutated and wild-type GAs are within the 95% confidence range, suggesting that sill mutated 
GAs catalyze the same hydrolysis mechanism as does wild-type GA. 
Glucose condensation reactions 
Formation of iGi from condensation of 30% (w/v) glucose at 35,45 and 55°C with 1.98 
(iM GA is shown in Figure 3, with initial rates appearing in Table LEI. Of the GAs with 
multiple mutations, SS/Ser411-^Ala GA has the lowest initial rates at all reaction 
temperatures, while Glyl37-^Ala/Ser436-^Pro and SS/Ser436->Pro GAs have the highest 
initial rates. The activation energies of all multiply-mutated GAs, averaging 66 kJ/mol and all 
within the 95% confidence range, are much lower than that of wild-type GA (90 kJ/mol), 
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Table O. Average peak glucose yields from 30% (w/v) 
maltodextrin hydrolysis for wild-type and mutated 
GAs. 
Glucose yield^ (%) 
GA form 35°C 45°C 55°C 
Wild-type^ 96.6 95.3 95.3 
ss'' 96.9 96.1 96.1 
SerSO-^Pro*' 96.3 94.9 95.9 
Glyl37->Ala'' 96.7 95.4 96.2 
Ser411->Ala 97.0 96.3 96.4 
Ser436-^Pro^ 95.5 93.5 95.7 
SS/Ser30^Pro 96.8 95.9 96.3 
SS/GlyI37->Ala 96.9 96.4 96.5 
SS/Ser411^Ala 97.4 96.6 96.7 
SS/Ser436->Pro 96.2 95.1 95.3 
Ser30->Pro/Glyl37->Ala 96.6 95.6 96.5 
Gly 137-> Ala/Ser436—^Pro 96.0 94.8 95.2 
SS/Ser30->Pro/Glyl37^Ala 97.1 96.0 96.4 
^Averaged from DE 10, DE 18, and DE 25 maltodextrin hydrolyses. 
\iMetal (1997). 
Table III. Initial rates of glucose and iGa formation in the hydrolysis of 30% (w/v) maltodextrins and condensation of 30% 
(w/v) glucose, respectively, and their relative ratios for wild-type and mutant GAs at 35,45, and 55"C. 
Initial rates (mol/mol GA s) 
Glucose iG2 x 10^ (Initial rate iG2/Initial rate Glc) x 10^ 
GAform DE10 DE 18 DE25 DE10 DE18 DE25 
35°C 
Wild-type 32.8 ± 1.4® 36.3 ± 1.6 38.6 ±2.1 15.2 ±0.5 0.46 0.42 0.39 
CO CO 48.1 ±2.2 47.9 ± 2.4 46.8 ± 2.9 7.07 ± 0.33 0.15 0.15 0.15 
SerSO-^Pro" 39.7 ± 1.8 46.1 ±2.6 46.3 ± 3.4 22.9 ±0.8 0.58 0.50 0.49 
GlylST-^AIa" 44.9 ± 2.3 48.6 ±2.7 49.2 ± 3.3 19.1 ±0.7 0.43 0.39 0.39 
Ser411-^Ala 9.14=±0.64 9.28±0.77 9.33±0.69 2.92'±0.28 0.32' 0.31 0.31 
Ser436->Pro'' 45.1 ±2.6 53.3 ±3.3 55.5 ±4.2 47.5 ± 1.8 1.05 0.89 0.86 
SS/Ser30->Pro 42.6 ± 2.6 44.3 ± 2.7 44.9 ± 2.9 15.9 ±0.6 0.37 0.36 0.35 
Table 111 (continued). 
SS/Glyl37-^Ala 46.5 ±2.5 46.8 ± 2.4 
SS/Ser411->Ala 23.3 ± 1.2 24.1 ± 1.4 
SS/Ser436->Pro 43.3 ± 2.3 45.5 ±2.9 
Ser30->Pro/Gly 137->Ala 41.6± 2.7 40.8 ± 2.4 
Gly 137-)-Ala/Ser436->Pro 44.4 ±3.1 45.1 ±3.3 
SS/Ser30^Pro/Gly 137->Ala 43.9± 2.8 43.7 ±2.9 
45°C 
Wild-type 101 ±5 102 ±5 
SS" 129 ±6 125 ±5 
Ser30^Pro'' 98.8 ± 5.4 107 ±5 
Glyl37->Ala'' 102 ±6 110±5 
Ser411->Ala 26.2±1.7 28.1±1.9 
Ser436->Pro'' 87.9 ±5.3 125 ±7 
SS/Ser30^Pro 114±7 117±7 
47.2 ± 2.7 12.6 ±0.4 0.27 0.27 0.27 
24.5 ± 1.3 5.13 ±0.31 0.22 0.21 0.21 
44.9 ± 2.6 30.2 ± 1.3 0.70 0.66 0.67 
42.2 ± 2.5 22.2 ± 1.1 0.53 0.54 0.53 
46.2 ± 3.5 36.3 ± 1.7 0.82 0.80 0.79 
44.1 ±2.6 17.5 ±0.9 0.40 0.40 0.40 
VO VO 
98.7 ±5.3 39.6 ±2.9 0.39 0.39 0.40 
110±6 16.4 ± 1.0 0.13 0.13 0.15 
119±6 51,0 ±2.2 0.52 0.48 0.43 
112±7 30.7 ± 1.8 0.30 0.28 0.27 
29.3±2.2 6.62±0.43 0.25 0.24 0.23 
113±7 68.3 ±3.6 0.78 0.55 0.60 
115±8 35.6 ± 1.0 0.31 0.30 0.31 
Table III (continued). 
SS/Glyl37->Ala 124 ±9 126 ±8 
SS/Ser411-^AIa 62.5 ± 4.9 64.1 ±5.2 
SS/Ser436^Pro 116±7 117±8 
Ser30^Pro/Glyl37->Ala 112±8 110±7 
Gly 137-^Ala/Ser436->Pro 120 ±8 118±9 
SS/Ser30^Pro/Gly 137-^AIa 11717 120 ±8 
55°C 
Wild-type 240 ± 15 258 ±17 
SS" 268 ± 17 311 ±20 
Ser30-^Pro'' 284 ± 20 334 ± 23 
GIyl37^Ala'' 288 ±21 333 ±23 
Ser41 l->Ala 72.5'±4.2 77.3±5.1 
Ser436->Pro'' 301 ± 22 322 ± 25 
SS/Ser30->Pro 286± 19 291 ± 20 
127 ±9 28.3 ± 1.2 0.23 0.22 0.22 
66.6 ± 5.5 11.6 ±0.6 0.19 0.18 0.17 
122 ±9 67.5 ±4.1 0.58 0.58 0.55 
117±8 49.8 ± 3.3 0.44 0.45 0.43 
123 ± 10 81.6±6.7 0.68 0.69 0.66 
126 ± 10 38.5 ± 1.9 0.33 0.32 0.31 
313±23 129 ±7 0.54 0.50 0.41 
322 ± 22 32.4± 2.7 0.13 0.11 0.11 
346 ± 24 119±6 0.42 0.36 0.34 
325 ± 23 83.4 ± 5.4 0.29 0.25 0.26 
77.6±4.9 15.5^6 0.2 r 0.20 0.20 
330 ±23 124 ±8 0.41 0.39 0.38 
298 ± 22 76.6± 4.5 0.27 0.26 0.26 
Table III (continued). 
SS/Glyl37->Ala 306 ± 24 311 ±23 
SS/Ser411-^Ala 159± 11 164 ± 11 
SS/Ser436->Pro 292 ± 19 297 ± 20 
Ser30^Pro/Glyl37->Ala 283 ± 22 291 ±25 
Gly 137-> Ala/Ser436->Pro 305 ± 24 312 ±26 
SS/Ser30->Pro/Gly 137->Ala 297± 23 306 ± 23 
^Standard error 
•"Data from Liu et al., (1997) 
'Data from Fang et al. (1997a) 
315 ±24 60.4 ± 3.6 0.20 0.19 0.19 
166 ±12 24.7 ± 1.3 0.16 0.15 0.15 
306 ± 23 148 ± 10 0.51 0.50 0.48 
298 ± 27 109 ±6 0.39 0.37 0.37 
320 ± 25 175 ± 12 0.57 0,56 0.55 
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Figure 3 (a). Formation of iG2 for 30% (w/v) glucose condensation with wild-type and 
mutated GAs at 35°C. Conditions and symbols as in Figure 2 (a). 
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Figure 3 (cont'd) (b). Foimation of iGz for 30% (w/v) glucose condensation with wild-type 
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Figure 3 (cont'd) (c). Formation of iGi for 30% (w/v) glucose condensation with wild-type 
and mutated GAs at 55°C. Conditions and symbols as in Figure 2 (a). 
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meaning that the GAs with multiple mutations may undergo different active-site confor­
mational changes than does wild-type GA while catalyzing the reverse reaction. 
Selectivity for a-l,6-Unked product synthesis versus a-l,4-Unked substrate hydrolysis 
Ratios of the initial rate of iGi formation from 30% (w/v) glucose condensation reactions 
to that of glucose formation from 30% (w/v) DE 10,18 and 25 maltodextrin hydrolyses were 
determined to estimate the selectivity for a-l,6-linked product synthesis over a-l,4-Iinked 
substrate hydrolysis. The initial rate ratios for mutated and wild-type GAs at 35,45 and 55°C 
are shown in Table HI. Of the multiply-mutated GAs, SS/Ser41 l->-Ala and SS/Glyl37->Ala 
GAs have the lowest ratios while Glyl37->Ala/Ser436-^Pro and SS/Ser436-+Pro GAs have 
the highest ratios at all reaction temperatures. These ratios are plotted against peak glucose 
yields in Figure 4, giving linear correlations. Yields are slightiy higher at 35°C than at 45 and 
55°C, and are slightiy higher for DE 25 than for DE 10 and DE 18 maltodextrins. 
Discussion 
GA selectivity has been improved by single mutations (Sierks and Svensson, 1994; 
Svensson et al., 1995, Fang et al., 1998a,b; Liu et al., 1998), loop replacements (Fierobe et 
al., 1996), and loop insertion (Liu et al., 1998), but there had been no research until this study 
on the effect of multiple mutations on GA selectivity, except for Glyl21->Ala/Ser411 -»Gly 
GA (Fang et al, 1998b). Apparently single mutations alone are unlikely to bring about major 
increases in selectivity of bond hydrolysis or synthesis. In this study, we tested GAs with 




(Initial rate iGi/initial rate Glc) x 10 
Figure 4 (a). Peak glucose yield vs. (initial rate of iGi formation/initial rate of glucose 
formation) with 1.98 fiM GA in 0.05 M NaOAc buffer, pH 4.4, at 35°C. DE 10 
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Figure 4 (cont'd) (b). Peak glucose yield vs. (initial rate of iG2 formation/initial rate of glu 
cose fonnation) with 1.98 GA in 0.05 M NaOAc buffer, pH 4.4, at 
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Figure 4 (cont'd) (c). Peak glucose yield vs. (initial rate of iGi formation/initial rate of glu 
cose fonnation) with 1.98 jiM GA in 0.05 M NaOAc buffer, pH 4.4, at 
55°C. DE 10 (•, ), DE 18 (A, ), and DE 25 (•, ) 
maltodextiins. 
109 
their single mutations to check if the additivity principle also can be ^plied to GA 
selectivity. 
The strategy of additive mutagenesis has been one of the most powerfiil and successful 
tools in stabilizing proteins against irreversible thennoinactivation, such as with A. repressor 
(Hecht et al., 1986), subtihsin (Cunningham and Wells, 1987; Pantoiiano et al., 1989), 
kanamycin nucleotidyltransferase (Liao et al., 1986), T4 lysozyme (Matsumura et al., 1989) 
and GA (Allen et al., 1998; Li et al., 1998); in engineering subtihsin selectivity (RusseU and 
Fersht, 1987; Wells et al., 1987a,b); in glutathione reductase coenzyme selectivity (Scrutton 
et al., 1990); and in enhancing the catalytic efficiency of a weakly active subtihsin variant 
(Carter et al., 1989). This principle can be expressed as AAC7X,Y = AAGx AAGy + AGi, 
where AAGx, AACTy and AAC^y are the free energy changes associated with the measured 
variables for the single mutations X and Y and the multiple mutation X,Y, respectively 
(Ackers and Smith, 1985). The coupling energy AGi (Carter et al., 1984) is the free energy of 
interaction between sites X and Y. When the side chains at sites X and Y are remote from one 
another and there are no large structural perturbations or changes in the reaction mechanism 
or rate-determining step, AGj is neghgjble and the above equation can be simplified to 
AAGx,Y ~ AAGx AAGy-
The cumulative effects of glucose yield and initial rate ratio of iG2 fonnation from 30% 
(w/v) glucose condensation over glucose formation from 30% (w/v) maltodextrin hydrolysis 
are demonstrated by the SS/Ser30->Pro, SS/Glyl37^Ala, Ser30->Pro/Glyl37->'Ala, and 
SS/Ser30-»Pro/ Glyl37-^Ala multiple mutations in Figure 5, by the SS/Glyl37->-Ala, 





3%, 0.52 0.1%, 0 0.0%, 0.53 
Ser30->Pro Glyl37-^Ala 
Figure 5 (a). Cinnulative effects of mutations on GA selectivity at 35°C for SS, Ser30->'Pro, 
Glyl37->Ala, SS/ SerSO^Pro, SS/Glyl37->Ala, Ser30-^Pro/Glyl37->Ala, 
and SS/Ser30—>Pro/Glyl37->Ala GAs. ticreases of glucose yield over that of 
wild-type GA and initial rate ratios (x 10^) of singly-mutated GAs are at the 
comers, those of doubly-mutated GAs are at the midpoints of the sides, and 
those of the triply-mutated GA are in the center. Values have been averaged for 
DE 10,18, and 25 maltodextrins. 
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Glyl37->Ala 
Figure 5 (cont'd) (b). Cumulative effects of mutations on GA selectivity at 45°C. Notations 
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Ser30^Pro Glyl37->Ala 
Fignre 5 (cont'd) (c). Cumulative effects of mutations on GA selectivity at 55°C. Notations 




1%, 0.93 0.1%, 0.40 -0.6%, 0.80 
Ser436—>Pro Glyi37^Ala 
Figure 6 (a). Cumulative effects of mutations on GA selectivity at 35°C for SS, 
Glyl37->Ala, Ser436^Pro, SS/ Glyl37^Ala, SS/Ser436-^Pro, and 
Glyl37->-Ala/Ser436->Pro GAs. Licreasesa of glucose yield over that with 
wild-type GA and initial rate ratios (x ICP) of singly-mutated GAs are at the 
comers, while those of doubly-mutated GAs are at the midpoints of the sides. 




8%, 0.64 0.1%, 0.28 -0.5%, 0.68 
Ser436^Pro Glyl37^Ala 
Figure 6 (cont'd) (b). Cumulative efifects of mutations on GA selectivity at 45°C for SS, 
Glyl37-»Ala, Ser436^Pro, SS/ Glyl37->Ala, SS/Ser436^Pro, and 
Glyl37->Ala/Ser436->Pro GAs. Glucose yields and initial rate ratios 
(x 1(P) of singly-mutated GAs are at the comers, while those of 
doubly-mutated GAs are at the midpoints of the sides. Values have 






-0.1%, 0.56 0.9%, 0.27 
Glyl37-»Ala 
Figure 6 (cont'd) (c). Cumulative effects of mutations on GA selectivity at 55°C. Notations 
are in Figure 6 (a). 
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SS/Ser411 mutation in Figure 7, all at 35,45, and 55"C but with results for DE 10,18, and 25 
maltodextrins averaged. In general the multiply-mutated GAs have initial rate ratios between 
those of the individual mutations of which they are comprised, demonstrating the validity of 
the additivity principle. Increases of glucose yield by multiple mutations are smaller when 
the glucose yields of both the original mutated GAs are already very high than when they are 
lower. This means that some limitations occur in increasing glucose yield by mutating GA. 
For example, byproducts produced during maltodextrin production prevent glucose yield 
from being complete, and decreasing the ability of GA to synthesize iG2 by mutation also 
limits hydrolysis of a-1,6 bonds found in maltodextrins, resulting in less complete substrate 
conversion at peak glucose yields. 
SerSO—>Pro GA, having a Pro residue at the second position of a Type n P-tum in a 
highly conserved region, is more selective than wild-type GA at higher temperatures (Liu et 
al., 1998). Even though the SS mutation gives a disulfide bond close to position 30, the addit­
ive effect of the combined mutation still occurs. Furtheraiore, Balaji et al. (1989) have 
suggested that a disulfide bond should not be inserted in the protein primary structure within 
four amino acids of a Pro residue, but SS/Ser30-^Pro GA is more active, stable (Allrai et al., 
1998) and selective than wild-type GA. Work in this laboratory (Li et al., 1997, 1998; Allen 
et al., 1998; Liu et al., 1998) suggests that the region between the C-tenninus of a-helix 1 
and the following extended loop between a-helices 1 and 2 is important for reversible 
thermoinactivation and selectivity. Further investigation might focus on more single or 
deletion mutations in this region. 
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SS ^Ser411—>AIa 
0.3%, 0.15 0.8%, 0.21 0.4%, 0.31 
SS Ser411->Ala 
0.8%, 0.14 1.3%, 0.18 1.0%, 0.24 
SS ^Ser411-^Ala 
0.8%, 0.12 1.4%, 0.15 1.1%, 0.20 
Figure 7. Cumulative effects of mutations on GA selectivity for SS, Ser41 l->-Ala, and 
SS/Ser41 l->Ala GAs. Increases of glucose yield over that with wild-type GA and 
initial rate ratios (x lO^) of the singly-mutated GAs are at the ends of the lines, 
while those of the doubly-mutated GA are at the midpoints. Values have been 
averaged for DE 10,18, and 25 maltodextrins. (a): 35°C; (b): 45®C; (c): 55°C. 
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Glyl37 is located in the middle of a-helix 4, which is part of the inner ring of the a,a-
bairel aroimd the active site. The Glyl37->Ala mutation decreases a-l,6-linked product 
formation and therefore increases glucose jdelds compared to wild-type GA, especially at 
higher temperatures (Liu et al., 1998). Combining this mutation with the SS and Ser30->Pro 
mutations, either singly or together, generally leads to higher glucose yields than 
GlyDT-^Ala GA produces by itself. Conversely, combining it with the Ser436—>-Pro 
mutation gives lower glucose yields because the latter mutation sharply decreases selectivity 
at lower temperatures. 
The Ser41 l->Ala mutation was meant to remove the hydrogen bond between atom OG of 
Ser411 and atom 0E2 of Glu400, which also hydrogen-bonds to both the catalytic water 
WatSOO and to the hydroxyl group of the invariant Tyr48. This mutation gives about one-
quarter the maltodextrin hydrolysis rate (Fang et al., 1998a) and 60% the specific activity on 
maltose of wild-type GA, while also increasing glucose yield firom maltodextrin hydrolysis. 
In this work we combined this mutation with the SS mutation to give higher glucose yields 
than the GA containing either of the single mutations. The initial rates of maltodextrin 
hydrolysis for this multiple mutation were much higher than those of Ser41 l->Ala GA, but 
they were still lower than those of SS and wild-type GAs, as expected. 
The only triple mutation in the present work, SS/Ser30->Pro/Glyl37->Ala, gives glucose 
yields that are roughly the averages of its three constituent double mutations, SS/Ser30->Pro, 
SS/Glyl37->Ala and Ser30—•Pro/Glyl37->Ala. The locations of these three single mutat­
ions are relatively close to each other, so they strongly influence each other in this triple 
mutation in both thermostability and selectivity. 
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The hypothesis that decreasing the ability of GA to synthesize iG2 would increase 
glucose yield was proved by Fang et al (1998a,b) and Liu et al. (1998), generally with single 
mutations, and is confirmed here with multiple mutations. Figure 4 shows the inverse relat­
ionship between peak glucose jaelds and relative initial rate ratios for iG2 formation over glu­
cose fonnation. There is usually no significant difference among initial rates of glucose 
formation with substrates of different chain length at high substrate concentration, even 
though catalytic efficiencies are higher for longer substrates than for shorter ones at low sub­
strate concentrations (Liu et al., 1998). The higher initial glucose concentration in DE 25 
maltodextrin (7.4% compared to 0.6 and 0.9% in DE 10 and DE 18 maltodextrins, 
respectively) allows the peak glucose yield to be reached about 18-24 h faster and higher for 
DE 25 than for DE 10 and 18 maltodextrins, as also found by Liu et al. (1998). 
Table III shows that increasing reaction temperatures result in progressively lower ratios 
of initial iG2 formation rate from glucose to glucose formation rate from maltodextrins. 
However, glucose yields tend to be slightly lower at higher reaction temperatures for wild-
type and most of the mutated GAs. This result agrees with the catalytic efficiency ratios 
calculated by Coutinho (1996) from literature data on A. awamorilA. niger GA, in which 
ratios of rates of iGz synthesis to those of maltose hydrolysis increased with increasing 
temperature while ratios of rates for maltooUgosaccharide hydrolysis to those of maltose hy­
drolysis decreased. 
Four thermostable multiply-mutated GAs studied here, SS/Ser30->Pro, SS/Glyl37-> 
Ala, SerSO-^Pro/GlylST-^Ala (at 45 and 55®C) and SS/Ser30->Pro/Glyl37-^AIa GAs, give 
higher glucose yields than does wild-type GA, while two, SS/Ser436->Pro (at 35 and 45°C) 
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and Glyl37^AIa/Ser436—>Pro GAs, give lower glucose yields. On the other hand, the 
thermosensitive SS/Ser411—>Ala GA gives a higher glucose yield. This con&ms the 
observation that there is no general correlation between thermostability and selectivity, as 
already found by Liu et al. (1998). 
In summary, we have successfully altered GA selectivity to reduce iGz formation during 
glucose condensation with all the multiple mutations studied here except SS/Ser436-»Pro 
and Glyl37—>'Ala/Ser436—>Pro GAs. We also have proved that both the specific activity and 
selectivity effects are cinnulative in most of the multiply-mutated GAs. SS/Ser41 l^Ala GA 
produces the highest glucose yield found so far. GA selectivity is affected by the reaction 
temperature, with glucose yields being higher at lower temperatures. 
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MUTATIONS TO M,TEBiASPERGILLUSAWAMORI 
GLUCOAMYLASE SELECTIVITY. V. COMBINATIONS OF 
ASN20-^CYS/ALA27->CYS, SER30->PRO, GLY137-»ALA, 311-314 
LOOP AND SER411^ALA 
A paper submitted to Protein Engineering 
Hsuan-Liang Liu, Clark Ford.i and Peter J. Reilly^ 
Department of Chemical Engineering, Iowa State University, Ames, lA 50011, USA 
Abstract 
The double mutations Asn20->Cys/Ala27->Cys (SS)/311-314 Loop, Ser30->Pro/311-
314 Loop, Ser30—>Pro/Ser411—>Ala, Glyl37—>Ala/311-314 Loop, Gly 137->Ala/Ser411-> 
Ala, 311-314 Loop/Ser411—•Ala and the triple mutations Ser30-^Pro/Glyl37—>-Ala/311-314 
Loop and Ser30—>Pro/Glyl37—>Ala/Ser411—•Ala were tested for their effects on the specific 
activity, selectivity and thermostabihty of Aspergillus awamori glucoamylase. Specific 
activities and themostabilities of all the doubly-mutated glucoamylases are lower than wild-
type glucoamylase. The two triply-mutated glucoamylases are more thermostable but less 
active than wild-type glucoamylase. All mutated glucoamylases achieve higher peak glucose 
yields than wild-type glucoamylase. SS/311-314 Loop glucoamylase has the lowest initial 
rate ratio of isomaltose formation from 30% (w/v) glucose over glucose formation from 30% 
(w/v) maltodextrin; this mutated glucoamylase and several others have peak glucose yields 1-
*Department of Food Science and Human Nutrition, Iowa State University, Ames, lA 50011 
"To whom correspondence should be addressed (Phone: 1-515-294-5968; fax: 1-515-294-
2689; e-mail: reilly@iastate.edu) 
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1.5% higher than that of wild-tj^e glucoamylase. Multiple mutations cause cumulative 
effects on glucose yield, specific activity and thermostability. Glucose yields generally de­
crease with increasing temperature. 
Keywords: additivity/glucoamylase/glucose yield/isomaltose/site-directed mutagenesis 
Introduction 
A major problem in the industrial conversion of partially hydrolyzed starch (dextrin) to 
glucose by glucoamylase [a-(l,4)-D-glucan glucohydrolase, EC 3.2.1.3, GA] is that glucose 
yield is limited to 95-96% of theoretical because di- and trisaccharides are formed under high 
glucose concentrations after prolonged GA treatment (Nikolov and Reilly, 1991; Teague and 
Brumm, 1992). 
Sierks and Svensson (1994) improved GA selectivity by making the Serl 19->Tyr, 
Glyl83—>Lys, and Serl84—>His mutations in. Aspergillus awamori GA based on sequence 
homology with other amylolytic enzymes aroimd the active site. All three mutations had 2.3-
to 3.5-fold enhanced GA selectivities, defined as the ratio of the catalytic efficiencies, 
kcaJKu, for hydrolysis of maltose, linked by an a-l,4-glycosidic bond, over hydrolysis of 
isomaltose (iG2), linked by an a-l,6-glycosidic bond. Frandsen et al. (1995) altered GA 
selectivity by the Arg305->Lys mutation, because Arg305 stabilizes a-l,4-linked substrates 
from the hydrophilic side of the substrate-binding pocket at subsites -I and +1. Fierobe et al. 
(1996) made two individual loop replacranents and one double loop replacement combining 
them in^. awamori GA to mimic part of the Hormoconis resinae GA sequence. The double 
mutation had roughly double the ratio of catalytic efficiencies for hydrolysis of a-1,6- over 
Il l  
a-l,4-liiiked substrates as did wild-type GA. Frandsen et al. (1996) identified OH-4', -6', and 
-4 as critical for iG2 hydrolysis by studying the energetics of the transition-state complex for 
Glul80->Gln and Asp309->Glu mutant GAs. 
Fang et al. (I998a,b) tried to alter GA selectivity and improve glucose yield by reducing 
iGz formation rate from 28% (w/v) glucose, since iG2 is the primary condensation product 
formed by GA (Nikolov et al., 1989), by making eleven mutations at positions not totally 
conserved around GA active site. They showed that Tyrl 16-^Trp, Serl 19-^Gly, Serl 19-^ 
Trp, Glyl21-^Ala, Arg241-)'Lys, Ser411->AIa, Ser411->Gly andGlyl21->Ala/Ser411-> 
Gly GAs all gave significantly increased glucose yields at 55°C compared to wild-type GA. 
Liu et al. (1998a) made the single mutations Lysl08—j'Arg, Lysl08^Met and Tyr312—>• 
Trp and the insertion mutation, 311-314 Loop, within two highly conserved regions around 
the active site, yielding the following results: 1) Lysl08 is involved in substrate binding, 2) 
the Tyr312->-Trp mutation increases glucose yield up to 2% at 55°C compared to wild-type 
GA because it helps the totally conserved residue Tyr311 (Coutinho and Reilly, 1997) form a 
tighter hydrogen bonding network to the catalytic base Glu400 (Harris et al., 1993) through 
the invariant Tyr48 (Aleshin et al., 1994; Frandsen et al., 1994), and 3) the 311-314 Loop 
mutation undergoes an active-site conformational change so that product release after 
hydrolysis, the proposed rate-limiting step for maltooligosaccharide hydrolysis (Kitahata et 
al., 1981; Sierks and Svensson, 1996; Natarajan and Sierks, 1996; Sierks etal., 1997), is 
relatively easier and fester than from wild-type GA, making iG2 synthesis less likely and 
enhancing glucose yield. 
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Liu et al. (1998b) studied the double mutations Asn20->Cys/Ala27->'Cys (SS)/Ser30-> 
Pro, SS/Glyl37—>Ala, SS/Ser411—>Ala, SS/Ser436—•Pro, SerSO—>^Pro/Glyl37—>Ala and the 
triple mutations Glyl37^Ala/Ser436^Pro and SS/Ser30->Pro/Glyl37->Ala made by Li et 
al. (1998), Allen et al. (1998) and themselves, finding that all but SS/Ser436->Pro and 
Glyl37->-Ala/Ser436 —>-Pro GAs reduced iG2 formation from glucose and hence gave higher 
glucose yields than did wild-type GA. Liu et al. (1998b) also showed that multiple mutations 
give cumulative thermostability and selectivity increases in GA. 
Both Fang et al. (1998a,b) and Liu et al. (1998a,b) found an inverse correlation between 
peak glucose yield and the ratio of initial rate of iG2 fonnation to that of glucose fomiation, 
but no direct correlation between glucose yield increase and the ratio of catalytic efi5ciencies 
for the hydrolysis of maltose to that of iG2, probably because the latter are measured under 
low substrate concentrations, distant from real industrial conditions. 
GAs with the 311-314 Loop (Liu et al., 1998a) and Ser41 l^Ala (Fang et al., 1998a) 
mutations give the best glucose yields, but both of them have lower specific activities and 
thermostabilities than wild-type GA. Liu et al. (1998b) increased the selectivity, themiostab-
ility and specific activity of Ser41 l^ Ala GA by combining it with the SS mutation (Li et al, 
1998). 
Based on these promising results, we have made and tested the SS/311-314 Loop, Ser30 
->Pro/311-314 Loop, Ser30->Pro/Ser411-^Ala, Glyl37->Ala/311-314 Loop, Glyl37->Ala 
/Ser411->Ala, 311-314 Loop/Ser41 l->Ala, Ser30-»Pro/Glyl37->Ala/311-314 Loop and 
Ser30->Pro/ Glyl37->Ala/Ser411->Ala GAs for selectivity, themiostability and specific 
activity. 
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The SS mutation (Li et al., 1998) decreases the GA thermoinactivation rate by introduc­
ing a covalent bond between residues Asn20 and Ala27, which may make the enzyme more 
rigid and restrict its natmral flexing motion, resulting in favoring the a-1,4 over the a-1,6 
substrate binding conformation (Liu et al., 1998a). 
Ser30—•Pro GA forms iG2 more slowly than wild-type GA at increased temperatures (Liu 
et al., 1998a), suggesting that Pro causes an entropy change to favor the a-1,4 binding mode 
at the active site. Both Ser30-^Pro (Allen et ai, 1998) and Glyl37->Ala (Chen et ai, 1996) 
mutations were meant to stabilize GA by reducing the conformational entropy of unfolding, 
and give the most stable in a series of GAs with X—^•Pro and Gly—>Ala substitutions. The 
Glyl37->-Ala mutation increases thermostability by strengthening the fourth a-helix, which 
prevents the catalytic domain from unfolding (Chen et ai, 1996). It also disfavors a-1,6-
linked product formation, especially at higher temperatures, even though Glyl37 is not 
directly involved in catalysis or substrate binding (Liu et al., 1998a). 
The 311-314 Loop mutation increases GA binding afBnity for both a-1,4- and a-1,6-
linked substrates by introducing a sequence of seven amino acids into the active-site 
environment (Liu et al., 1998a). This conformational change may help GA to accommodate 
the simultaneous transport of water molecules as the substrate enters in or product diffuses 
from subsite -1, therefore making product release after hydrolysis relatively easier and faster 
than from wild-type GA. 
The Ser411-^Ala mutation was designed to remove the hydrogen bond between atom OG 
of Ser411 and atom OEl of Glu400, whose 0E2 atom is also hydrogen-bonded to both the 
catalytic water and to the hydroxyl hydrogen of the invariant Tyr48. This increases the p^i of 
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the GA-substrate cotaplec (Fang and Ford, 1998) and decreases ratios of initial rates of iG2 
formation to those of glucose formation (Fang et aL, 1998a). 
Figure 1 shows that Asn20 is the C-terminal residue of the first a-helix (Aleshin et al., 
1992). Ala27 and SerSO are both located in a type II P-tum at the second position on an 
extended loop between the first and second a-heUces in a conserved region. Glyl37 is 
located in the middle of the fourth a-helix, while residues TyrSl 1 to Gly314 are between a-
helices 9 and 10. Ser411 is located in a P-strand between a-helices 12 and 13. 
Materials and methods 
Methods for fermentation, enzyme purification, protein concentration measurement, 
maltooligosaccharide hydrolysis and glucose condensation reactions were described by Fang 
et al. (1998a). Specific activities were determined as in Fang et al. (1998b). 
Materials 
Glucose, maltose, maltotriose, maltotetraose, maltopentaose, maltohexaose and 
maltoheptaose were firom Sigma, while iGi was purchased fix>m TCI America. Maltrin® 
MlOO, M180 and M250 maltod«ctrins, of Dextrose Equivalents (DE) 10,18 and 25, 
respectively, and with average degrees of polymerization of 10, 6 and 4, were donated by 
Grain Processing Corporation. Other materials were as in Fang et al. (1998a). 
Site-directed mutagenesis 
Site-directed mutagenesis was performed by Promega Altered Sites n in vitro 
mutagenesis system. AnXbal-HindlD. firagment of pGEM-GA containing the wild-type GA 
cDNA (Fang and Ford, 1998) was inserted into the Promega pALTER-1 vector to make a 
Figure 1. Three-dimensional view of A. awamorilA. niger GA, showing mutated residues. 
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GA cDNA-containing vector to be used as the double-stranded DNA template in the Altered 
Sites n system (Fang et al., 1998b). The previously made 311-314 Loop mutation containing 
GA cDNA in the pALTER-1 vector was used as a template to make the 311-314 Loop/ 
Ser41 l-)-Ala multiple mutation, using the oligonucleotide primer 5'-GGC GAG CAG CTT 
GCA GCA CGC GAC CTG AC-3' (Fang et al., 1998a) synthesized in the Iowa State 
University Nucleic Acid Facility. Nucleotides for the desired GA mutation is shown in bold, 
while the one silent mutation designed to decrease the melting temperature of the primer 
hairpin is underlined. 
The short BaniHl-Pstl fragments containing the SS, Ser30->Pro, Glyl37->Ala and 
Ser30->Pro/Glyl37—>Ala mutations, which were restriction-digested from the phagemid 
vector pGEM7Z(+), were separately Ugated to the long BamSL-Pstl fragments containing the 
311-314 Loop or Ser41 l->Ala mutations, which were restriction-digested from the phagemid 
vectors pALTER-I and pGEM7Z(+), respectively. 
The resulting multiple mutations were verified by DNA sequencing. cDNAs containing 
the multiple mutations were subcloned into the yeast expression vector YEpPMlS and then 
transfomied into Saccharomyces cerevisiae C468 as previously described (Chen et al., 1994). 
Construction of the SS (Li et al, 1998), Ser30^Pro, Ser30->-Pro/Glyl37->Ala (Allen et al., 
1998), Glyl37->Ala (Chen et al., 1996), 311-314 Loop (Liu et al., 1998a), Ser41 l->Ala 
(Fang et al., 1998a) and SS/Ser41 l->Ala (Liu et al., 1998b) GAs were described previously. 
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Irreversible thermoinactivation 
Wild-type and mutant GAs (0.475 nM) were incubated in 0.05 M NaOAc buffer, pH 4.4, 
at six or seven temperatures between 65 and 80°C for 12 TTIITI Samples were taken at 2-min 
intervals, quickly chilled on ice, and then stored at 4°C for 24 h before being subjected to res­
idual activity assay at 35®C as in Liu et al. (1998a). The inactivation rate coefficients for 
mutant and wild-type GAs were obtained fixjm a semilogarithmic plot of residual activity 
versus inactivation time. The activation firee energies (AG'^ ) for thermoinactivation of mutant 
and wild-type GAs were obtained from the semilogarithmic plot of versus l /T. 
Results 
Enzyme activity 
The specific activities of mutated and wild-type GAs at 50°C and pH 4.5 using 4% 
maltose as substrate are shown in Table I. All the multiply-mutated GAs made here have 
specific activities lower than wild-type GA, with the activity of 311-314 Loop/Ser41 l->Ala 
GA being the lowest 
Thermoinactivation 
Thermoinactivation of mutant and wild-type GAs follows first-order decay kinetics, so 
transition-state theory was applied to obtain values of AG* for them. 
Table n shows the changes of AG* from that of wild-type GA (AAG*) at 65 and 75®C. A 
rough approximation is that a AAG* value of 1 kJ/mol corresponds to about a 1°C increase in 
operating temperature to maintain the same enzyme stability, while a value of -1 kJ/mol 
corresponds to about a 1°C decrease in operating temperature. 
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Table L Specific activities of wild-type and combined 
mutant GAs at 50°C and pH 4.5 using 4% maltose 
substrate. 
OA form Specific activity 
(lU/mg GA) 
Wild-type 20.6 ±0.2' 
ss'' 18.3 ±0.7 
Ser30->^Pro'^ 20.3 ±0.9 
GlylST^Ala'^ 22.0 ± 0.8 
311-314 Loop® 11.9 ±0.5 
Ser411->Ala^ 12.4 ± 0.5 
SS/311-314 Loop 12.8 ± 0.6 
SS/Ser411-^Ala^ 14.9 ± 0.7 
Ser30^Pro/Glyl37^Ala'' 24.0 ±1.2 
Ser30->Pro/311-314 Loop 13.5 ±0.9 
Ser30—>Pro/Ser411—>Ala 15.3 ± 1.1 
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Table I (contmued). 
Glyl37->Ala/311-314 Loop 13.7 ± 0.8 
Glyl37^Ala/Ser41 l^Ala 15.1 ± 0.6 
311-314 Loop/Ser411^Ala 11.7 ±0.3 
Ser30-^Pro/Gly 137-)>Ala/311-314 Loop 13.3 ± 0.5 




''Chen et al. (1996) 
^Liu et al. (1998a) 
^Liu era/. (1998b) 
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Table II. Changes of the activation free energy for thecmoinactivation 
(AAG^) at 65 and 75*'C for singly and multiply mutated GAs 
relative to wild-type GA­
GA form AAG* (kJ/mol) 
65°C 75''C 
ss 1.2^ 2.2' 





311-314 Loop -2.2 -2.5 
Ser41 l->Ala® -2.7 -1.8 
SS/311-314Loop -1.3 -0.5 
SS/Ser411->Ala® -1.3 -0.2 
Ser30—>Pro/Glyl37->Ala 4.5" ND 
Ser30—^Pro/311-314 Loop -0.9 ND 
Ser3 0—>Pro/Ser411 ->Ala -1.1 ND 
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Table n (continued). 
Glyl37->Ala/311-314 Loop -1.8 -1.0 
Glyl37^Ala/Ser411-»Ala -2.0 -0.5 
311-314 Loop/Ser41 l-»AIa -3.3 -3.9 
Ser30->Pro/Glyl37^Ala/311-314 Loop 1.5 ND 
Ser30->Pro/Glyl37-^AIa/Ser411->Ala 1.7 ND 




®Liu et al. (1998b) 
138 
Ser30—)'Pro/Glyl37-^Ala/311-314 Loop and Ser30->'Pro/Glyl37->Ala/Ser41 l^Ala are the 
only multiple mutations made here that increase GA thermostability, while the 311-314 
Loop/Ser411—>Ala mutation decreases thermostability the most. 
Maltodextrin hydrolysis 
The results of 30% (w/v) DE 10 maltodextrin hydrolyses at 35, 45 and 55°C with 1.98 
GA are given in Figure 2, with initial rates listed in Table III and average peak glucose 
yields shown in Table IV. Data (not shown) for DE 18 and DE 25 maltodextrin hydrolyses 
are similar. Glucose concentrations decrease after reaching the maximal values because of 
condensation reactions, especially at higher temperatures. All multiply-mutated GAs made 
here give higher glucose yields than does wild-type GA. hiitial glucose formation rates of 
multiply-mutated GAs are in general lower than those of wild-type GA, confirming the 
specific activity results. No significant differences in these rates occur among DE 10,18 and 
25 maltodextrin substrates. 
The average activation energy of maltodextrin hydrolysis from 35 to 55°C is 80.3 kJ/mol 
over different substrates and different multiply-mutated and wild-type GAs. All values are 
within the 95% confidence level, suggesting that the mutated GAs have the same hydrolysis 
mechanism as does wild-type GA. 
Glucose condensation reactions 
The formation of iGi from condensation of 30% (w/v) glucose at 35,45 and 55°C with 
1.98 |iM GA is shown in Figure 3, with initial rates appearing in Table m. SS/311-314 Loop 
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Figure 2 (a). Glucose fonnadon for 30% (w/v) DE 10 maltodextrin hydrolysis with 1.98 |iM 
GA in 0.05 M NaOAc buffer, pH 4.4, at 35C®. GAs: wild-type (O, ), 
SS/311-314 Loop (•, ), SS/Ser411-).Ala (V, ), 
Ser30^Pro/311-314 Loop (A, ^); Ser30-^Pro/Ser41 l^Ala (A, 
), Glyl37-).Ala/311-314 Loop (•, ), Glyl37->Ala/Ser41 l^Ala 
(•, ), 311-314 Loop/Ser411->Ala (•, ), Ser30->Pro/Glyl37^Ala/ 
311-314 Loop (O, ), and Ser30->Pro/Gly 137->Ala/Ser41 l->Ala (•, 
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Incubation time (h) 
Figure 2 (cont'd) (b). Glucose fonnation for 30% (w/v) DE 10 maltodextrin hydrolysis 
with 1.98 GA in 0.05 M NaOAc buffer, pH 4.4, at 45C. 
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300 
Fignre 2 (cont'd) (c). Glucose formation for 30% (w/v) DE 10 maltodextrin hydrolysis 
with 1.98 pM GA in 0.05 M NaOAc buffer, pH 4.4, at 55C. Symbols 
as in Figure 2 (a). 
Table HI. Initial rates of glucose and iGa formation in the hydrolysis of 30% (w/v) maltodextrins and condensation of 30% (w/v) 
glucose, respectively, and their relative ratios for wild-type and mutant OAs at 35,45, and 55"C. 
Initial rates (mol/mol OA s) 
Glucose iG2xlO^ Initial rate iG2 x 10^ 
Initial rate glucose 
GA form DE 10 DE 18 DE25 DE 10 DE 18 DE 25 
35°C 
Wild-type 32.8 ± 1.4® 36.3 ± 1.6 38.6 ±2.1 15.2 ±0.5 0.46 0.42 0.39 
SS*" 48.1 ±2.2 47.9 ± 2.4 46.8 ± 2.9 7.07 ±0.33 0.15 0.15 0.15 
Ser30^Pro'' 39.7 ± 1.8 46.1 ±2.6 46.3 ± 3.4 22.9 ±0.8 0.58 0.50 0.49 
Glyl37^Ala'' 44.9 ± 2.3 48.6 ±2.7 49.2 ± 3.3 19.1 ±0.7 0.43 0.39 0.39 
311-314 Loop'' 20.9 ± 1.1 23.9 ± 1.3 24.6 ± 1.7 6.71 ±0.24 0.32 0.28 0.27 
Ser411->Ala 9.14''±0.64 9.28 ± 0.77 9.33 ± 0.69 2.92«=±0.28 0.32'' 0.31 0.31 








311-314 Loop/Ser411 -> Ala 
Ser30->Pro/Glyl37->Ala/311-314 Loop 







35.4 ± 1.7 
23.3 ± 1.2 
41.6±2.7 
33.1 ± 1.4 
23.1 ± 1.3 
33.6 ± 1.7 
26.7 ± 1.5 
15.9 ±0.9 
31.3 ± 1.6 






37.7 ± 1.9 
24.1 ± 1.4 
40.8 ± 2.4 
34.9 ± 1.5 
25.6 ± 1.7 
36.9 ±1.9 
27.5 ± 1.6 
16.4± 1.1 
33.7 ± 1.9 






40.1 ±2.2 5.83 ±0.34 0.16 0.15 0.15 
24.5 ± 1.3 5.13±0.31 0.22 0.21 0.21 
42.2 ± 2.5 22.2 ± 1.1 0.53 0.54 0.53 
37.7 ± 1.9 14.8 ±0.5 0.45 0.42 0.39 
24.9 ± 1.6 12.7±0.4 0.55 0.50 0.51 
38.8 ±2.2 12.2 ±0.4 0.36 0.33 0.31 
29.3 ± 1.9 11.1 ±0.4 0.42 0.40 0.38 
17.3 ± 1.3 4.88 ±0.33 0.31 0.30 0.28 
35.9 ±2.1 14.5 ± 0.6 0.46 0.43 0.40 
25.5 ± 1.4 12.3 ±0.7 0.50 0.49 0.48 
98.7 ± 5.3 39.6 ± 2.9 0.39 0.39 0.40 
1I0±6 16.4 ± 1.0 0.13 0.13 0.15 
119±6 51.0±2.2 0.52 0.48 0.43 
112±7 30.7 ± 1.8 0.30 0.28 0.27 
70.3 ±5.1 14.6± 1.1 0.24 0.21 0.21 
Table HI (continued). 
Ser411 ^ Ala 26.2 ± 1.7 28.1 ± 1.9 
SS/311-314 Loop 96.4 ±6.2 101 ±7 
SS/Ser411-^Ala'' 62.5 ± 4.9 64.1 ± 5.2 
Ser30->Pro/Gly 137->Ala'' 112 ± 8 110 ± 7 
Ser30->Pro/311-314 Loop 90.3 ± 6.0 94.1 ± 6.2 
Ser30->Pro/Ser411-»Ala 60.9 ±3.9 62.6 ±4.4 
Glyl37->Ala/311-314 Loop 92.6±6.6 96.1 ±7.3 
Glyl37->Ala/Ser41 l->AIa 67.9 ± 4.6 70.1 ± 5.3 
3ll-314Loop/Ser411-^Ala 42.4 ±2.9 44.6 ±3.3 
Ser30->Pro/Glyl37->Ala/311-314 Loop 85.3 ± 5.3 87.7 ± 5.6 
Ser30->Pro/Glyl37->Ala/Ser411->Ala 70.1 ±4.4 72.2 ±4.6 
55°C 
Wild-type 240 ± 15 258 ±17 
SS'' 268 ±17 311 ±20 
Ser30->Pro'' 284 ± 20 334 ± 23 
Glyl37-^Ala'' 288 ±21 333 ±23 
29.3 ± 2.2 6.62 ± 0.43 0.25 0.24 0.23 
108 ±7 13.3 ±0.9 0.14 0.13 0.12 
66.6 ± 5.5 11.6 ±0.6 0.19 0.18 0.17 
117±8 49.8 ± 3.3 0.44 0.45 0.43 
96.8 ± 6.5 30.9 ±2.1 0.34 0.33 0.32 
64.3 ± 4.7 28.9 ± 1.9 0.47 0.46 0.45 
102 ± 8 27.8 ± 1.7 0.30 0.29 0.27 
72.3 ±5.1 24.4 ± 1.6 0.36 0.35 0.34 
46.2 ± 3.6 11.1 ±0.7 0.26 0.25 0.24 
89.2 ± 5.7 34.1 ±2.3 0.40 0.39 0.38 
73.6 ± 4.9 29.5 ± 1.7 0.42 0.41 0.40 
313 ±23 129 ±7 0.54 0.50 0.41 
322 ± 22 32.4 ±2.7 0.13 0.11 0.11 
346 ± 24 119±6 0.42 0.36 0.34 
325 ± 23 83.4 ±5.4 0.29 0.25 0.26 
Table III (continued). 
311-314 Loop^ 191 ± 14 205 ± 16 
Ser411-^Ala 72.5'i 4.2 77.3 ±5.1 
88/311-314 Loop 224 ± 14 236 ± 16 
SS/Ser411-^Ala'^ 159± 11 164± 11 
Ser30-^Pro/Gly 1 ST-^Ala'' 283 ± 22 291 ±25 
Ser30->Pro/311-314 Loop 232 ± 15 222 ± 13 
Ser30-^Pro/Ser411 Ala 159± 11 166± 12 
Glyl37->Ala/311-314 Loop 221 ± 15 226 ± 15 
Glyl37-)«Ala/Ser411Ala 180± 12 181 ±11 
311-314Loop/Ser411->AIa 115±8 111 ±7 
Ser30->Pro/Glyl37-> Ala/311-314 Loop 217±15 223 ± 17 
Ser30->Pro/Glyl37->Ala/Ser411-^Ala 180± 12 185 ± 14 
"standard error 
''Liu et al. (1998a) 
'^Fang et al. (1998a) 
'^Liu e/fl/. (1998b) 
221 ± 15 49.5 ± 2.7 0.26 0.24 0.22 
77.6 ± 4.9 15.5''±0.6 0.21® 0.20 0.20 
238 ± 15 26.9 ± 1.8 0.12 0.11 0.11 
166± 12 24.7 ± 1.3 0.16 0.15 0.15 
298 ± 27 109 ±6 0.39 0.37 0.37 
236 ± 16 70.3 ± 4.9 0.30 0.32 0.30 
170± 14 62.4 ±4.2 0.39 0.38 0.37 
233 ± 17 59.7 ± 4.0 0.27 0.26 0.26 
188± 13 50.1 ±3.3 0.28 0.28 0.27 
122 ±9 24.3 ± 1.6 0.21 0.22 0.20 
231 ± 19 73.5 ±4.9 0.34 0.33 0.32 
187 ± 14 62.3 ±4.1 0.35 0.34 0.33 
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Table IV. Average peak glucose yields from 30% (w/v) maltodextrin 
hydrolysis for wild-type and mutant GAs. 
Glucose yield^ (%) 
GA fonn SS^C 45°C 55®C 
Wild-type" 96.6 95.3 95.3 
SS*" 96.9 96.1 96.1 
Ser30->'Pro'' 96.3 94.9 95.9 
Glyl37^Ala'' 96.7 95.4 96.2 
311-314 Loop'' 97.1 96.4 96.2 
Ser411^Ala'= 97.0 96.3 96.4 
SS/311-314 Loop 97.5 96.7 96.5 
SS/Ser41l^Ala'' 97.4 96.6 96.7 
Ser30^Pro/Gly 137->Ala'= 96.6 95.6 96.6 
Ser30—>Pro/311-314 Loop 96.8 96.0 96.4 
Ser30—>Pro/Ser41 l->Ala 96.8 95.9 96.5 
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Table IV (continued). 
Gly 137^ Ala/311-314 Loop 97.2 96.2 96.7 
Glyl37->Ala/Ser41 l->Ala 97.1 96.4 96.7 
311-314 Loop/Ser41 l^AIa 97.4 96.5 96.6 
Ser30-^Pro/Glyl37^Ala/311-314 Loop 97.1 96.6 96.4 
Ser30->Pro/Gly 137^Ala/Ser411—>Ala 97.0 96.5 96.6 
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Figure 3 (a). Fonnation of iGz for 30% (w/v) glucose condensation with wild-type and 
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Figure 3 (cont'd) (b). Fonnation of iGz for 30% (w/v) glucose condensation with wild-
type and mutated GAs at 45°C. Symbols as in Figure 2 (a). 
150 
Incubatioii time (h) 
Figure 3 (cont'd) (c). Formation of iG2 for 30% (w/v) glucose condensation with wild-
type and mutated GAs at 55°C. Symbols as in Figure 2 (a). 
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temperatures among the multiply-mutated GAs made here, while Ser30->Pro/311-314 Loop 
GA has the highest initial rates, with only the rate for wild-type GA being higher. Activation 
energies of glucose condensation reactions catalyzed by multiply-mutated GAs at 35,45 and 
55°C, averaging 66.4 kJ/mol, are all within the 95% confidence level, and are much lower 
than that of wild-type GA (90 kJ/mol). This result suggests that these multiply-mutated GAs 
may cause different active-site conformational adjustments for the condensation reaction than 
does wild-type GA. 
Selectivity for a-l,6-Unked product synthesis versus a-l,4-linked substrate hydrolysis 
Ratios of initial rates of iG2 formation firom glucose condensation to those of glucose for­
mation firom DE 10, 18 and 25 maltodextrin hydrolysis at 35,45 and 55°C are given in Table 
m and plotted against peak glucose yields in Figure 4, givrog linear correlations. This ratio is 
a good indicator of whether or not a mutated GA will have lower a-l,6-linked product 
formation rates and therefore higher glucose yields than wild-type GA (Fang et al., 1998a,b; 
Liu et al.. 1998a,b) because the experimental conditions so closely approximate the industrial 
process. Yields are slightly higher at 35°C than at 45 and 55°C, and are slightly higher for 
DE 25 than for DE 10 and DE 18 maltodextrins. SS/311-314 Loop GA has the lowest ratios 
among wild-type and multiply-mutated GAs made here at all reaction temperatures. 
Ser30->Pro/Ser411-^Ala and Ser30->>Pro/Glyl37^Ala/Ser41 l->Ala GAs both have higher 
initial rate ratios than does wild-type GA at 35 and 45°C. Only at 55''C do all the multiply-
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Figure 4 (a). Peak glucose yield vs. (initial rate of iGi tbrmation/initial rate of glucose 
formation) with 1.98 jiM GA in 0.05 M NaOAc buffer, pH 4.4 at 35°C. DE 
10 (•, ), DE 18 (A, —), and DE 25 (•, ) maltodextrins. 
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Figure 4 (cont'd) (b). Peak glucose yield vs. (initial rate of iGi formation/initial rate of 
glucose formation) with 1.98 fxM GA in 0.05 M NaOAc buffer, 
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Figure 4 (cont'd) (c). Peak glucose yield vs. (initial rate of iGz formation/initial rate of 
glucose formation) with 1.98 GA in 0.05 M NaOAc buffer, 
pH 4.4 at 55®C. DE 10 (•, ), DE 18 (A, ), and DE 25 (•, 
) maltodextrins. 
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Cumulative effects on selectivity and thermostability 
Figures 5-7 demonstrate by triangular plots the cumulative effects of mutations on 
glucose yields and initial rate ratios for iGa formation over glucose production. Glucose 
yields produced by multiply-mutated GAs containing SS, Glyl37^Ala, 311-314 Loop and 
Ser411-^Ala mutations are generally higher than those produced by GAs containing the 
single mutations. On the other hand, when the Ser30->^Pro mutation, which by itself leads to 
lower glucose yields than with wild-type GA at lower temperatures, is combined with 
Glyl37->Ala, 311-314 Loop or Ser41 l->>Ala mutations, glucose yields produced by the 
multiply-mutated GAs are often between those produced by the GAs containing the single 
mutations. Initial rate ratios for iG2 formation over glucose production by multiply-mutated 
GAs are generally between the ratios produced by GAs containing the single mutations. 
Table II shows that all multiply-mutated GAs made here have AAG* values for 
thermoinactivation at 65 and 75°C relative to wild-type GA between the values for each GA 
containing the single mutations. This strongly suggests that GA thermostability can be 
cumulatively increased by combining two or three single mutations conferring increased 
thermostability. 
Discussion 
Fierobe et al. (1996), Fang et al. (1998b) and Liu et al. (1998b) have increased GA sel­
ectivity by multiple mutations, while Allen et al. (1998) used multiple mutations to increase 




5%, 0.29 0.4%, 0.31 0.8%, 0.30 
311-314 Loop Ser41 l->Ala 
Figure 5 (a). Cumulative effects on GA selectivity for combinations of SS, 311-314 Loop 
and Ser41 l-»Ala mutations at 35°C. Increases of glucose yield over that with 
wild-type GA and initial rate ratios (x 10^) of singly-mutated GAs are at the 
comers, while those of doubly-mutated GAs are at the midpoints of the sides. 






1.2%, 0.25 1.0%, 0.24 
Ser411->-Ala 
Figure 5 (cont'd) (b). Cumulative effects on GA selectivity for combinations of SS, 311 -314 




1.1%, 0.20 0.9%, 0.24 
311-314 Loop Ser41 l-»Ala 
Figure 5 (cont'd) (c). Cumulative effects on GA selectivity for combinations of SS, 311-314 





0.1%, 0.40 0.5%, 0.29 0.6%, 0.33 
Glyl37^Ala 311-314 Loop 
Figure 6 (a). Cumulative effects on GA selectivity for combinations of SerSO—>Pro, 





0.1%, 0.28 1.1%, 0.22 
Glyl37^Ala 311-314 Loop 
Figure 6 (cont'd) (b). Cumulative effects on GA selectivity for combinations of Ser30->Pro, 
Glyl37->Ala and 311-314 Loop mutations at 45®C. Notations as in 





0.9%, 0.27 0.9%, 0.24 1.4%, 0.26 
Glyl37^Ala 311-314 Loop 
Figure 6 (cont'd) (c). Cumulative effects on GA selectivity for combinations of Ser30->Pro, 
Glyl37—•Ala and 311-314 Loop mutations at 55®C. Notations as io 




0.4%, 0.31 0.5%, 0.40 
Gly 137—> Ala Ser411 Ala 
Figure 7 (a). Cumulative effects on GA selectivity for combinations of Ser30—>Pro, 






Figure 7 (cont'd) (b). Cumulative effects on GA selectivity for combinations of Ser30->Pro, 
Glyl37->AIa and Ser41 l->Ala mutations at 45°C. Notations as in 






1.4%, 0.28 1.1%, 0.20 
Ser411->Ala 
Figure 7 (cont'd) (c). Cumulative effects on GA selectivity for combinations of Ser30->Pro, 
GIyl37-^Ala and Ser41 l->Ala mutations at 55°C. Notations as in 
Figure 5 (a). 
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selectivity and thermostability by combining three previously made thermostable single mut­
ations, SS (Li et al, 1998), SerSO—>Pro (Allen et al., 1998) and Glyl37->Ala (Chen et al., 
1996), and one double mutation, Ser30->'Pro/Glyl37->Ala (Allen et al., 1998) with two 
previously constructed single mutations, 311-314 Loop (Liu et al., 1998a) and Ser411-^Ala 
(Fang et al., 1998a), that significantly increase glucose yields relative to wild-t5^e GA. 
Before this series of articles, GA selectivities were determined as the ratios of catalytic 
efficiencies for maltose hydrolysis over iG2 hydrolysis, and these were measured at low 
substrate concentrations. However, Fang et al. (1998a,b) and Liu et al. (1998a) found that 
this ratio is not directly related to glucose yield, and instead correlated the latter with glucose 
condensation and maltodextrin hydrolysis rates at high substrate concentrations. Liu et al. 
(1998b) have foimd the same result with some multiple mutations. 
The SS mutation was designed to introduce an extra disulfide bond on the catalytic 
domain surface in the extended loop between the first and second a-helices. This loop, 
containing a conserved region involved in substrate binding (Coutinho and Reilly, 1997), is 
near another loop containing residue Trpl20, which is critical for catalysis (Sierks et al., 
1989). The loop appears to be important for both GA thermostability (Li et al., 1998) and 
selectivity (Liu et al., 1998a,b). The SS mutation may stabilize either or both the loops, thus 
stabilizing the fimctional conformation. 
The SS mutation had been previously combined with other single mutations to investigate 
the cumulative effects of thermostability (Allen et al., 1998; Li et al., 1998) and selectivity 
(Liu et al., 1998b) on GA. The SS/311-314 Loop mutation made here and the previously con­
structed SS/Ser411-^Ala GA (Liu et al., 1998b) give GAs with specific activities between 
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the GAs containing the single mutations. Although these two multiply-mutated GAs are still 
more thermosensitive than SS or wild-type GA, they are both more thennostable than 311. 
314 Loop and Ser41 l^Ala GAs (Table II), meaning that adding a mutation that singly 
confers thermostability to a GA already containing a thermosensitive mutation can make the 
latter more thermostable. The initial rate ratios for glucose condensation over maltodextrin 
hydrolysis for these two multiply-mutated GAs are much lower than either 311-314 Loop GA 
or Ser41 l->Ala GA, but are about the same as SS GA (Table EI, Figure 5), while glucose 
yields are always higher than with GAs containing either individual mutation (Table IV, 
Figure 5). Therefore GA selectivity is cumulative with respect to glucose yield, but not with 
respect to the initial rate ratio. 
The Ser30—>Pro mutation was previously combined with the SS and Glyl37->-Ala 
mutations to form the SS/Ser30->Pro and Ser30—>Pro/Glyl37->Ala double mutations and 
the SS/Ser30—^Pro/GlyHT-^Ala triple mutation (Allen et ah, 1998). All of them had a 
cumulative effect on GA thermostability, while the triple mutation, which has slightly higher 
specific activity than wild-type GA, is the most thermostable mutant GA so far produced. 
In the current work, the Ser30->'Pro mutation was combined with the 311-314 Loop and 
Ser411-^Ala mutations to form the corresponding doubly-mutated GAs, and then the 
Glyl37->Ala mutation was added to each to form the corresponding triply-mutated GAs. As 
before, the specific activities of the multiply-mutated GAs are between those of the GAs 
containing the single mutations (Table I). Thermostabilities of the doubly-mutated GAs are 
between those of the singly-mutated GAs, but thermostabilities of the GAs containing three 
mutations are greater than any of the singly- or doubly-mutated GAs eccept Ser30->Pro GA 
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(Table IT). In general, initial rate ratios of multiply-mutated GAs are between those of GA 
with their corresponding single mutations (Table HI, Figures 6 and 7), while glucose yields 
increase with increasing numbers of mutations (Table IV, Figures 6 and 7), as before. 
The hypothesis that the glucose yield could be increased by decreasing the ability of GA 
to synthesize iG2 was proposed by Fang et al. (1998a,b) and then proved by Liu et al. 
(1998a,b). In the present study, we have further confirmed this hypothesis at different 
tonpraratures with different maltodextrins using multiply-mutated GAs. Figure 4 
demonstrates a linear inverse correlation between peak glucose yields and initial rate ratios 
for iG2 synthesis over glucose fonnation, as found previously (Fang et al., 1998a,b; Liu et 
al., 1998a,b). The times necessary for DE 25 maltodextrin hydrolyses to reach maximal 
glucose yield are often substantially shorter than for hydrolysis of DE 10 and 18 
maltodextrins, perhaps because the initial glucose concentration in the former is higher (Liu 
et al., 1998a,b). In addition, yields with DE 25 maltodextrin are usually higher than with the 
other two substrates, also as found previously (Liu et al., 1998a,b). 
Table IE shows that initial rate ratios for mutant and wild-type GAs are strongly 
temperature dependent, with virtually all the mutant GAs having decreased initial rate ratios 
with increasing temperature. However, Table IV shows that peak glucose yields tend to be 
lower at higher reaction temperatures. This strongly agrees with the catalytic efficiency ratios 
calculated by Coutinho (1996) fix>m literature data on A. ayvamorUAspergillus niger GA, in 
which ratios of rates of iG2 hydrolysis to those of maltose hydrolysis increased with 
increasing temperature while ratios of rates for maltooligosaccharide hydrolysis to those of 
maltose hydrolysis decreased. 
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In sxmunary, we have increased GA selectivity and occasionally GA thennostabiHty, 
based on the cumulative effects of the multiple mutations studied here. Glucose yields are 
usually higher and relative iGz formation rates are lower at lower temperatures for most GAs, 
meaning that temperature plays a very important role in determining GA selectivity. 
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Among ail the single mutations studied in this work, SS GA increases glucose yield at all 
reaction temperatures while Ser30->Pro, Glyl37—>-Ala, Tyr312->Trp and Ser436—>-Pro GAs 
increase glucose yield only at 55°C. On the other hand, LyslOS—>Arg GA dramatically 
increases iGi formation rate and decreases glucose jdeld at all temperatures. LyslOS plays a 
very important role in retaining active-site conformation through its side chain surface charge 
distribution and in substrate binding during hydrolysis, based on the results with 
Lysl08->Met mutant GA, which cannot be bound by an acarbose affinity column. 
The 311-314 Loop mutation significantly decreases iG2 formation rate and therefore in­
creases glucose yield at all reaction temperatures, because the long sequence introduced into 
the active-site environment speeds product release after hydrolysis, the proposed rate-limiting 
step for maltooligosaccharide hydrolysis. This promising result encourages further loop 
insertion or deletion mutations around the active site to study GA selectivity, themiostability, 
and specific activity. 
According to the cumulative mutational effects in proteins, some multiple mutations were 
made in this work to bring substantial glucose yield and thermostability increases. La most 
cases, when a mutant GA with better selectivity but less thermostability combines with a 
thermostable mutant GA, the thermostability, selectivity, and specific activity can be 
cumulated. The Ser30->Pro/Glyl37—^Ala/311-314 Loop and Ser30-^pTo/Glyl37—> 
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Ala/Ser411—>Ala GAs are the best GAs containing multiple mutations constructed so far for 
increased glucose yield and thermostability. 
In general, there is an inverse linear correlation between the peak glucose yield and the 
initial rate ratio for 30% (w/v) glucose condensation over 30% (w/v) maitodextrin hydrolysis 
by all the mutant and wild-type GAs. The glucose yield is usually higher for maitodextrin DE 
25 than for maltodextrins DE 10 and DE 18. There is no significant glucose yield difference 
between DE 10 and DE 18 maltodextrins. 
The activation energies for 30% (w/v) glucose condensation reaction for mutant GAs are 
usually smaller than wild-type GA, while the activation energies for 30% (w/v) maitodextrin 
hydrolysis for mutant GAs are about the same as wild-type GA, indicating that most of the 
mutations affect the hydrolysis process in the rate-limiting product release step. 
fii general, there is no direct correlation between substrate selectivity and thermostability 
of GA. Also, there is no direct relationship between the catalytic efBciency and the glucose 
yield. In order to obtain a mutant GA that fulfills industrial requirements, the designed 
mutation has to be tested for its thermostability by thermoinactivation analysis and for its 
substrate selectivity by high concentration glucose condensation and maitodextrin hydrolysis 
reactions. 
General recommendations 
The region between the C-terminus of a-helix 1 and the following extended loop between 
a-helices 1 and 2 is important for thermostability and selectivity of GA. Further investigation 
might focus on more single insertion or deletion mutations in this region. 
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The use of cumulative mutatioBal efifects in proteins is a powerful tool to improve GA 
selectivity, thermostability, and specific activity. Direct evolution might be coupled with this 
cumulative principle by randomly combining some themiostable mutant GAs with the 
mutant GAs that have better selectivity for a-l,4-linked substrates. 
Since the bigger loop inserted into the active-site environment by the 311-314 Loop 
mutation results in increasing glucose yield, an X-ray crystallographic study of this mutated 
GA might help to understand how the active-site geometry change caused by this mutation 
affects the hydrolysis mechanism 
Glucose jdeld in the starch process is limited to 95-96% of theoretical, so our results sug­
gest investigating the industrial characteristics of the following mutations: SS, 311-314 Loop, 
SS/311-314 Loop, SS/Ser411^Ala, Ser30->Pro/Glyl37-).Ala/311-314 Loop and Ser30-> 
Pro/Glyl37->Ala/Ser41 l->Ala. Specifically, these GAs should be expressed in the industrial 
A. awamori host to examine their important industrial properties such as enzyme production 
and purification, thermostability, and glucose yield. 
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